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Simple Core Design for 
Neutral Burn Composite Rocket Motors 


S.K. 


Anderson 


13528 Elsie Road, Conifer, CO 80433, USA 
email: scot.k.anderson@Imco.com 


ABSTRACT 


Two simple techniques for improving small 
amateur-type rocket motors are discussed. The 
first uses a simple, post-cure technique to pro- 
duce neutral thrust profiles using a simple ma- 
chinist’s tap. The second uses a small Black 
Powder pellet to improve reliability and igni- 
tion of composite rocket motors. 


Keywords: rocket motor, composite propellant, 
thrust profile, neutral burn, neutral thrust 
characteristic 


In the design of solid rocket motors many 
variables must be balanced to optimize perform- 
ance. One of the most challenging is the thrust 
profile. As the propellant grain burns, the burn- 
ing surface area usually changes while the noz- 
zle throat area remains relatively constant. This 
has the effect of changing the chamber pres- 
sure, thereby changing the thrust, the propellant 
burn rate, and the burn time of the motor. As a 
result, the motor design is complicated and un- 
desirable performance characteristics may be 
introduced. Additionally, a rocket is heaviest just 
prior to launch before any propellant has been 


consumed. This is also when higher thrust levels 
are desired to attain stable flight speed quickly, 
when the rocket is still being stabilized by the 
launch platform. 


In general, thrust curves are given three ba- 
sic designations depending on the thrust as a 
function of time. Progressive indicates that the 
thrust increases as burning continues, Neutral 
indicates relatively constant thrust throughout 
the burn and Regressive indicates the thrust de- 
creases as the burn progresses. These three 
thrust profiles are shown notionally in Figure 1. 
While thrust characteristics of commercially 
available motors vary, a neutral or mildly re- 
gressive characteristic is often desired. 


Generically, solid rocket motors are of two 
basic types, end-burning and core-burning. As 
the name implies, end-burning motors are ig- 
nited at one end and the propellant generally 
burns in a linear fashion, propagating along the 
length of the grain. This maintains a relatively 
constant combustion area for cylindrical propel- 
lant grains. Thus, end-burning motors naturally 
have a neutral thrust characteristic. On the other 
hand, core-burning motors have a hollow core 
or hole down the length of the propellant grain. 
As the motor functions the flame propagates 
from the inside to the outside of the grain. Since 


Progressive 


Neutral Regressive 


Thrust 
Thrust 


Thrust 


Time Time 


Figure 1. Illustration of three thrust profile types. 
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the combustion surface area increases with the 
radius of the burning core, core-burning motors 
with circular symmetry are naturally progres- 
sive in nature. 


Since end-burning motors are naturally neu- 
tral, it is reasonable to ask “Why not just use 
this type of motor and forget about core-burning 
designs altogether?” Some manufacturers of 
hobby rocket motors provide end-burning mo- 
tors for just this reason. Often, a small core, 
extending a short distance into the propellant 
grain, is used to aid in ignition and provide 
suitable ignition area or even a slightly larger 
thrust at ignition. However, end-burners are 
most useful when either low thrust is desired, or 
the propellant burns rapidly under the condi- 
tions present in the combustion chamber. A 
consequence of this geometry is a relatively low 
value of the parameter K,, which is simply the 
ratio of the burning surface area to the nozzle 
throat cross sectional area. Modern, high- 
performance propellants, such as ammonium 
perchlorate composites, require a high K,, (typi- 
cally >100). This forces the motor designer to 
use large diameters for end-burning motors to 
achieve the high thrust levels desired for ama- 
teur rockets. Core-burning motors, however, 
have very large burn surface areas and thereby 
high K,, generating high thrust in more practi- 
cal diameter motors. 


Since core-burning motors have this progres- 
sive tendency, more complex designs for motors 
have been designed to make the thrust charac- 


teristic neutral. For example, various non-cylin- 
drical cross-section core shapes have been used 
to increase the initial burning surface area to 
produce a neutral thrust profile. Multipoint stars 
have been used successfully as have multi-core 
geometries. Additionally, by allowing surfaces 
other than the core to burn, an overall neutral 
thrust characteristic may be obtained. In one 
popular design, the propellant grain is divided 
into cylindrical segments. Each segment is de- 
signed to allow ignition not only along the core 
but on each end as well. When this method is 
applied carefully, the decreasing end area and 
the shortening segments compensates for the 
increasing core area. A ratio of core-diameter: 
grain-diameter:grain-segment length of 1:3:5 
produces a neutral thrust profile. All these de- 
signs make an attempt, some more successfully 
than others, to maintain constant burning sur- 
face area during the functioning of the motor to 
produce constant thrust. 


Complex core geometries require that special 
mandrels and forms be used, which complicates 
the extraction process and may add additional 
hazards for the manufacturer. Other geometries 
such as off-center cores, sometime referred to 
as a “moon burners”, and multiple cores may 
require complex tooling used during the casting 
of the grain and do not produce a very neutral 
profile. Allowing surfaces other than the core to 
burn may expose the motor casing (or the inhibi- 
tor) to the flame during operation. A technique 
developed by James D. Horswell uses a simple 
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Figure 2. Thrust curve for F model rocket motor using a threaded core to produce a neutral thrust 
profile. 
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threaded core geometry to achieve neutral thrust. 
While this sounds somewhat complicated, the 
threads may be cut at low speed into the cured 
grain with a simple machinist’s tap. This tech- 
nique has produced grains with a very flat thrust 
characteristic. Figure 2 shows the typical thrust 
and impulse curves for a motor with a threaded 
core. As is clearly seen, the thrust profile is flat. 


Threading also enhances ignitability of com- 
posites. Poor ignitability is in part due to the 
binder coating the particles of oxidizer. The 
threads cut through the cured composite expos- 
ing uncoated oxidizer surfaces. In addition, the 
many fine surface features increase the initial 
burn surface area and hence initial thrust. Low 
initial thrust can be caused by ignition at some 
mid point in the core. Since the motor K,, is 
computed using the entire core burn surface 
area, any reduction in burn surface area produces 
lower thrust. To ensure ignition of the entire 
core, a small pellet of handmade Black Powder 
is inserted into the top of the motor. These two 
design elements provide increased thrust during 
the first moments after ignition when rapidly 
achieving aerodynamic stability is paramount. 


Many of these motors were made and tested 
and all repeatedly showed this thrust character- 
istic. Indeed, these motors were successfully 
used in several model rockets that attained alti- 
tudes in excess of 5000 feet above ground level. 
Further, the hand-mixed Black Powder pellet 


Propellant Grain 


Threaded Core 
Epoxy Binder 


never failed to fully ignite the grain, thus provid- 
ing for reliable ignition of the motor. Figure 3 
shows a drawing of a motor in cross-section. 


Since the basic method to produce a neutral 
thrust profile is to maintain constant burning 
area, it is natural to ask what constraints this 
technique places on the design of the motor and 
what are the adjustable parameters. At constant 
diameter, the only way to vary the surface area 
of a threaded hole is to change the root angle of 
the thread itself. The root angle is the angle 
formed by the helical surfaces of the thread it- 
self and is illustrated at the bottom of Figure 3. 
Figure 4 illustrates how threading increases the 
initial surface area of the cylindrical grain as a 
function of the thread root angle. Changing the 
pitch (threads per inch or mm)—and thereby the 
depth of the thread—has relatively little affect 
on surface area. An excessively fine pitch thread 
creates a burn surface that would quickly erode 
away, producing unacceptably varying thrust. 
Moreover, the soft polyurethane binders used 
are not capable of capturing the small details of 
fine pitch threads. 
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Figure 3. Cross-section of threaded rocket motor grain. 
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Burn Area Increase with Root Angle 
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Figure 4. Graph showing the core surface area increase due to threading as a function of root angle 
for %4-20, %-13 and 1-8 US NC threads. 


For simplicity, a tap from the National Course 
(NC) series was used to produce the thrust pro- 
file shown in Figure 2. Tap size was selected 
based on the initial core diameter of the grain. 
Because the standard US NC tap series is based 
on a 60-degree root angle, the increase in initial 
burn surface area of the core is increased by 
approximately a factor of two. Thus these 
threads produce a neutral burn for a grain de- 
sign where the outside diameter of the grain is 
twice the unthreaded core diameter. As was 
shown, threading the grain in this manner pro- 
duced a neutral thrust characteristic during the 
entire burn, excluding the intentional initial 
thrust spike. 


These curves were generated using the for- 
mula presented below, which includes the effect 
of radius on area increase. Derivation of this 
formula is presented in the appendix in the dis- 
cussion on the ringed-cylinder model. 
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= — (1) 
sin| —0 
G 


Other tap variations are readily available, 
such as pipe taps, which have a tapered thread. 
Moreover, the relatively soft nature of the ure- 
thane-based composites does not require hard- 
ened tool steel to cut acceptable threads. This 
leaves the designer, who has some skill and 
access to a lathe, freedom to explore other root 
angles and thread pitches using taps made from 
aluminum or brass. While this technique may 
not have application to production-class motors, 
it is the easiest method this author has used to 
produce very reliable motors with neutral thrust 
profiles. Further, by selection of tap and initial 
to final K,, many thrust profiles are available 
from progressive to regressive. 


Journal of Pyrotechnics, Issue 20, Winter 2004 


In conclusion, two simple techniques to im- 
prove the performance of amateur rocket mo- 
tors have been demonstrated. A simple hand- 
mixed Black Powder pellet, included at the top 
of the grain, improved ignition. Threading the 
propellant core using readily available, inexpen- 
sive machinist’s taps, produced a neutral burn in 
simple core-burning motors. These two tech- 
niques, when combined, also produced an igni- 
tion thrust spike improving launch reliability. 


Appendix 
Simplified Formula to Compute the 
Increase in Surface Area 
Due To Threading 


The computation used to produce Figure 4, 
for surface area increase, includes the effect of 
core radius. However, this level of precision is 
not always needed, especially when designing a 
new motor. In these instances a less accurate, 
rule-of-thumb formula, may be more appropriate 
and is presented below. In this equation, 0 is the 
root angle and R is the core radius expressed in 
threads. (For example, a 4-20 thread has an R = 
0.125 inch x 20 threads per inch = 2.5.) 


This formula assumes the core radius is large 
compared to the thread spacing (spacing = | per 
thread-pitch, e.g., 4-20 thread spacing is 0.05"). 
Figure 5 shows the geometry used for this analy- 
SiS. 


Unit area of cylindrical core (Eq. 2): 
Ain = 20 : R : Leg (2) 


Unit area of threaded core (Eq. 3) 


A 


thread 


8 rea 
sin| — 
Gg 


Ratiometric increase in core area (Eq 4 = Eq. 3 
+ Eq. 2) 


1 


A. =—— 
increase ; 0 ) (4) 
sin} — 
2 
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Figure 5. Simplified thread geometry. 


Ringed-Cylinder Model 


A ringed-cylinder model provides greater ac- 
curacy than the simplified version above. Fig- 
ure 6 shows the detailed geometry used in this 
analysis. This formula neglects the small in- 
crease in area due to the thread being a helix 
and not a series of triangular shaped rings, but 
this error is quite small and considered third 
order for this approach. 
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Figure 6. Detailed thread geometry. 
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Actual unit area of thread (Eq. 5) Ratiometric increase in core area (Eq. | = Eq. 6 
+ Eq. 2) 


20 °° 0 
Apead (8) = gs J r+ yoor{ Say 0.25 a) 
sin| — 0.0 1+ —cot] — 
5 R 2 


bee) | ae (1) 
(5) sin{ 50 


Integrating Eq. 4 yields (Eq. 6) 


27R 


Ai oii (0) = AToy x c F ° ext 2)| (6) 
sn{ 0| 
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Strobe Chemistry 


Clive Jennings-White 
3096 S. 2300 E., Salt Lake City, Utah 84109, USA 


ABSTRACT 


Pyrotechnic strobe compositions burn in an 
oscillatory manner such that there is a marked 
variation of emitted light intensity as a function 
of time. The most common theoretical explana- 
tion for the phenomenon is that such composi- 
tions contain within them sub-compositions that 
may be regarded as a smoulder composition 
and a flash composition. The smoulder reaction 
would have a lower activation energy and low 
heat output. The flash reaction would have a 
high activation energy and high heat output. 
The actual chemical components of strobe com- 
positions are extremely diverse, confounding a 
unified chemistry of the phenomenon. Neverthe- 
less the majority of strobe compositions can in 
fact be reasonably deconstructed into smoulder 
and flash compositions. However, there appear 
to be a few strobe compositions that defy such 
explanation; although it is possible that the au- 
thor lacks the wit to comprehend the chemistry. 
It is also possible that the prevailing theory ap- 
plies to some, but not to all, strobe composi- 
tions; and it is yet possible that a different the- 
ory will provide a more encompassing explana- 
tion with better predictive power. 


Keywords: strobe, formulation, theory, flash, 
magnalium, smoulder, smolder 


Introduction 


The pyrotechnic strobe effect is produced by 
a light-emitting pyrobody, such as a star, 
wherein the light intensity is a cyclic variable 
function of time. The minimum light intensity 
may or may not be zero, but the frequency of 
the intensity peaks must be sufficiently slow 
such that the eye can distinguish between them. 
An example of a possible time course of light 
intensity is shown in Figure 1. To qualify as a 
strobe the composition must produce at least 
two flashes separated by a “dark” phase. 
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Light Flashes 


Light Intensity 


Time 


Figure 1.Representative time course of 
pyrotechnic strobe. 


Shimizu has hypothesized that two different 
kinds of pyrochemistry are involved; one in the 
“light” or “flash” phase of a pyrotechnic strobe, 
and one in the “dark” or “smoulder” phase.!"! 
These will be referred to as the “flash reaction” 
and the “dark reaction”. Shimizu suggests that a 
strobe composition may be thought of as a mix- 
ture of a flash composition and a smoulder com- 
position. This is not the only possible hypothesis 
for the mechanism of strobe. For example, one 
could have postulated that a single pyrochemi- 
cal reaction could occur at different rates for 
some reason (e.g., oscillatory thermal feedback 
or oxygen influx due to a pyrobody tumbling in 
air); or that a smoulder reaction gives rise to 
products capable of producing a flash reaction; 
or that a flash reaction gives rise to products 
capable of producing a smoulder reaction. 


Shimizu’s hypothesis engenders very specific 
predictions regarding what type of composition 
could or could not function as a strobe. If Shi- 
mizu’s hypothesis is correct, then every compo- 
sition that is capable of functioning as a strobe 
must contain ingredients that are capable of re- 
acting as a flash composition, as well as ingre- 
dients that are capable of producing a dark reac- 
tion. Any exceptions to this would mean that 
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Shimizu’s hypothesis is not universally applica- 
ble. 


Genesis of the Shimizu Hypothesis 


Firstly, Shimizu gives due credit to Was- 
mann"! and Krone"! for originating this line of 
thinking regarding the theoretical mechanism of 
pyrotechnic strobe. However, it will be referred 
to as the “Shimizu Hypothesis” here since he 
has made the largest contribution to our under- 
standing of this phenomenon. 


Shimizu had noticed in his studies on strobe 
compositions that, during the dark phase, “hot 
spots” develop in the smouldering slag layer 
which grow in size and temperature until a 
critical point is reached when the flash reaction 
commences. Thus it would appear that the dark 
reaction should have a small activation energy 
together with a relatively small heat output. By 
contrast the flash reaction should have a large 
activation energy (thereby allowing a delay be- 
fore initiation) as well as a large heat output 
(thereby producing a relatively bright flash). 


Testing the Shimizu Hypothesis 


Various theories of glitter chemistry propose 
specific ingredients and/or intermediates and/or 
reactions.'"! Such theories can be tested by, for 
example, manipulating the ingredients of the 
glitter composition and observing the resultant 
pyrotechnic effect. However, Shimizu has not 
proposed that any specific ingredients are nec- 
essary or that any specific reaction takes place, 
for the functioning of a pyrotechnic strobe. 


Consequently, the testing of the flash com- 
position, smoulder composition hypothesis will 
be more general. Indeed, one of the first test- 
able predictions is that there should be not just 
one strobe chemistry but many strobe chemis- 
tries. Therefore stringent testing of Shimizu’s 
strobe hypothesis would catalog as many widely 
different strobe compositions as possible, fo- 
cusing on their predicted commonalities such as 
those listed below: 


1) One should be able to write a plausible equa- 
tion for the flash reaction. 


2) One should be able to write a plausible equa- 
tion for the dark reaction. 
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3) The strobe composition should be reconsi- 
tutable as a mixture of a flash composition 
and a smoulder composition. 


4) Quenching a strobe composition shortly af- 
ter a flash should yield a mixture depleted in 
the proposed flash components. 


5) Quenching a strobe composition shortly be- 
fore a flash should yield a mixture depleted 
in the proposed smoulder components. 


Caveats: 


a) “Plausible” equations are ones that utilize 
ingredients of the composition and that 
are chemically reasonable. 


b) Shimizu’s hypothesis does not predict that 
any mixture of a flash composition and a 
smoulder composition will be capable of 
strobing. It is proposed as a necessary 
condition, not a sufficient condition. 


c) There exists strobe composition consisting 
of only two components, neither of which 
is capable of independent functioning as 
either a flash composition or a smoulder 
composition. At first sight this would ap- 
pear to contradict prediction No. 3. How- 
ever, note that a mixture of 50A + 50B is 
also equivalent to a 1:1 mixture of 80A + 
20B and 20A +80B. These latter could be 
flash composition and smoulder compo- 
sition. 


d) Atmospheric oxygen may be a plausible 
reactant in a smoulder composition (e.g., 
burning sulfur). 


e) It is possible that there may be more than 
one plausible flash reaction or dark reac- 
tion for a given strobe composition. In- 
deed, there may be more than one in ac- 
tuality. A dictum of chemistry is that any 
reaction that can occur will occur. Con- 
sequently, the real chemistry involved in 
pyrotechnic strobes is necessarily more 
complex than can be depicted by a set of 
two equations. However, for the purpose 
of testing the Shimizu hypothesis, it is 
sufficient only to find one equation for 
each reaction type. 


f) Quenching experiments should be possi- 
ble for long cycle strobes, but may be 
prohibitively difficult for fast strobes. 
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g) Quenching experiments are left to those 
with more sophistication in the required 
techniques than has the author, and are 
therefore beyond the scope of this article. 


Various Strobe Compositions 


A set of diverse strobe formulations was 
chosen with the intent of maximizing the differ- 
ences of ingredients between the formulations. 
Substitution of similar ingredients, such as one 
alkaline earth sulfate for another alkaline earth 
sulfate, was not considered as one may reasona- 
bly assume that these compositions function 
through an analogous sequence of reactions. 
Formulations are either previously published or 
devised by the author. For testing, compositions 
(6 g) were pressed into a short (14-inch long) 
Y-inch i.d. tube glued to a metal base. “Hot” 
prime (1 g) was pressed on top of the composi- 
tion and lit with a visco fuse. In certain cases no 
amount of priming would succeed in lighting 
the composition, but several seconds of direct 
blowtorch flame would eventually trigger the 
composition to start strobing by itself. 


Table 1. Diverse Strobe Formulations. 


No consideration was given to the “useful- 
ness” of the test composition. That is it may be 
hard to light, not reliably stay lit, strobe too 
fast, strobe too slow, have hygroscopic ingredi- 
ents, not be stable on storage, be absurdly ex- 
pensive, etc. None of these factors bear on the 
utility of the composition for testing theoretical 
principles. Thus the only inclusion criteria were 
(a) that the composition must fulfill the defini- 
tion of “strobe” (i.e., at least two flashes sepa- 
rated by a dark phase), and (b) that the formula- 
tion must be significantly different from others 
under consideration. 


Strobe formulations considered for their con- 
formity with Shimizu’s theoretical predictions 
are listed in Table 1. 


Ingredients FAT BC [OLE Fi e|Hi iyi Kit im 


USL IL a eR Od ee CL Been | A 


Potassium perchlorate ss a Re 3 ae a (  H 


examine Seneca fof fnfennfnn 301-40] SO] | TT 


[Copperttl) oxide ae ie Se nd a a nd Va J Ee 
Bismuth (Il) oxide 


Reference FACS EAEA CEA GAEAREGAEAEAED 
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“Dark” and “Flash” Binary Mixtures 


There are a number of known binary (two- 
ingredient) compositions capable of a continuous 
smoulder reaction with little or no light output. 
More familiarly there are a number of known 
binary flash powers. A listing of such combina- 
tions, particularly those containing commonly 
used strobe ingredients, allows a shortcut to de- 
termining whether a strobe composition satis- 
fies Shimizu’s proposed mechanism. That is to 
say, if the composition contains the ingredients 
of at least one binary mixture from each list 
then one need look no further. 


Examples of known dark binary mixtures are 
listed in Table 2. Examples of known flash bi- 
nary mixtures are listed in Table 3. Hypothetical 
strobe reaction equations for the strobe compo- 
sitions under discussion are listed in Table 4. 


Table 2. Known Binary Dark Mixtures. 


No. | Ingredient 1 Ingredient 2 


Ammonium 
perchlorate 
Ammonium 
perchlorate 
Ammonium 
perchlorate 
Ammonium 
perchlorate 
Ammonium 
perchlorate 
Guanidine Ammonium 
nitrate* perchlorate 
Magne Sulfur 
Magnalium Sulfur 
Titanium Sulfur 
Copper Sulfur 
Air Sulfur 
Guanidine 
nitrate 
Guanidine 
nitrate 
Magnesium- Guanidine 
copper alloy nitrate 


Magnesium 
Magnalium 
Zinc 
Copper 


Cyanoguanidine 


Copper 


Cupric oxide 


* Guanidine nitrate is a common informal name for 
the substance more properly called guanidinium 
nitrate. 
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Table 3. Known Binary Flash Mixtures. 


| No. | Ingredient 1 Ingredient 2 


_{,.Barium nitrate || Magnalium 
Barium sulfate | Magn 
Ammonium 

_j.perchlorate |. 
Potassium 

jperchlorate |. 


Magnalium 


Magnalium 


Ammonium : 
Magnesium 
[POCONO ae dn nenmmen 
Potassium 


perchlorate Magnesium 


Discussion of the Strobe Formulations from 
Table 1 


A. The key components of this excellent classic 
white strobe star are barium nitrate, sulfur, 
and magnalium. This contains dark mixture 
No. 8 from Table 2, and flash powder No. 1 
from Table 3. The Shimizu hypothesis is 
therefore satisfied by this formulation. 


B. Sulfur is by no means necessary, since here 
it is replaced by guanidine nitrate. The flash 
powder remains the same, but no combina- 
tion appears in Table 2 as the dark mixture. 
In this case an experimental test of the 
Shimizu hypothesis is therefore necessary. 
The prediction is that some subset of mate- 
rials present in formulation B is capable of 
producing a smoulder composition. Exami- 
nation of Table 2 indicates that both magnal- 
ium and guanidine nitrate are components of 
known dark binary mixtures, and conse- 
quently constitute a candidate dark binary in 
admixture. Testing showed that the mixture 
20% magnalium/80% guanidine nitrate will 
smoulder, though not reliably staying lit. 
An occasional flash also presented. This is 
sufficient to satisfy the Shimizu hypothesis. 


C. This is a similar composition to “B”, but the 
oxidizer is changed from barium nitrate to 
potassium perchlorate. Thus the flash pow- 
der is switched from No. | to No. 4 in Ta- 
ble 3. The Shimizu hypothesis is satisfied. 


D. The oxidizers are switched again, this time to 
ammonium perchlorate. The ammonium per- 
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chlorate/magnalium flash powder is No. 3 
from Table 3. The Shimizu hypothesis is sat- 
isfied. 


This time the guanidine nitrate is replaced 
with barium sulfate, and our smoulder com- 
position is gone. Barium sulfate and magnal- 
ium constitute a flash powder (No. 2 from 
Table 3), but it does not smoulder. How- 
ever the ammonium perchlorate/magnalium 
mixture can function as a smoulder compo- 
sition (No. 2, Table 2), as well as a flash 
powder, and so any composition containing 
both these components will automatically 
satisfy the Shimizu hypothesis regardless of 
other ingredients. Note, however, that in 
these sulfate type strobe compositions the 
sulfate is usually considered to act as the 
principal oxidizer in the flash reaction and 
the ammonium perchlorate acts as the prin- 
cipal oxidizer in the dark reaction.'"! Spe- 
cifically Shimizu has suggested that the 
magnesium content of the magnalium reacts 
with ammonium perchlorate in the dark re- 
action, leaving primarily barium sulfate and 
aluminum for the flash reaction.'"! This is 
also consistent with the magnalium combus- 
tion mechanism proposed by Popov et al,!'*! 
involving preferential oxidation of the mag- 
nesium content. 


Hexamine is used here in place of barium 
sulfate. This does not further test the Shimizu 
hypothesis however because, as noted above, 
any composition containing both ammonium 
perchlorate and magnalium automatically 
qualifies. 


The simple omission of magnalium leaves a 
binary composition of ammonium perchlo- 
rate and hexamine that is still capable of 
strobing behavior. Now bereft of both known 
dark or flash binary mixtures, this composi- 
tion would appear to pose a serious prob- 
lem for the Shimizu hypothesis. Let us see 
if we can rescue the situation: 


The sulfur strobes typified by “A” (Table 1) 
are hard to observe in the dark phase be- 
cause the bright flash requires that one’s 
eyes have some time to readjust, by which 
time another bright flash occurs. However, 
there is a closely related kind of composi- 
tion for making “microstars” that in per- 
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formance essentially produce a single dark 
phase followed by a single flash phase.!'*! 
While this does not qualify as a strobe com- 
position, which would require a minimum 
of two flashes, both the formulation and the 
effect are clearly related to strobe. The de- 
lay can be increased by increasing the sul- 
fur content. So with a high-sulfur composi- 
tion one may observe the dark reaction for 
some time before observing the flash. A typi- 
cal formulation for such a composition 
would be: 40% barium nitrate, 30% sulfur, 
and 30% magnalium.''*! The composition is 
made into microstars using a nitrocellulose 
binder. One may observe the microstars af- 
ter being lit with a blowtorch. The appear- 
ance of the dark reaction is simply the typi- 
cal dim blue flame of burning sulfur. This 
is followed by a single bright flash; so do 
not observe too closely. 


Thus, although a reaction between magnal- 
ium and sulfur was postulated as the dark 
reaction for this kind of composition, it is 
also plausible that it could be a reaction be- 
tween sulfur and air (No. 11 from Table 2) 
depleting the sulfur content until a suitable 
flash powder composition is reached. Hexa- 
mine is a fuel, like sulfur, that burns easily 
in air with a dim flame. So the burning of 
hexamine in air can be postulated as the 
dark reaction for strobes of type G. 


Now we have an apparently even more in- 
tractable problem: No metal fuel, so where 
is the flash powder? An answer is perhaps 
found in the apparent capability of hexa- 
mine/potassium perchlorate mixtures (such 
as 30:70) of producing a sharp report when 
functioning as a flash powder.''! It is 
known that ammonium perchlorate can also 
function as the oxidizer in a flash pow- 
der.''*! Thus one indeed might reasonably 
argue, based on literature precedent, that 
the ammonium perchlorate/hexamine mix- 
ture should be able to function as a flash 
powder after sufficient hexamine has burnt 
off, bringing the mixture closer to stoichi- 
ometric proportions (86% ammonium per- 
chlorate, 14% hexamine). The proposed 
mechanism thus makes this composition 
analogous to various pyrotechnic composi- 
tions wetted with alcohol, wherein a portion 
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of the alcohol burns off the surface layer al- 
lowing the composition to flash; and the 
cycle repeats. 


. If the explanation above suffices for this 
ammonium perchlorate/hexamine mixture 
(G), then it also suffices for the lithium per- 
chlorate/hexamine mixture (H). 


Simple binary oxidizer/metal mixtures can 
also function as a strobe. In this case we 
have the known dark binary No. | from Ta- 
ble 2 and the known flash powder No. 7 
from Table 3. 


Similarly to the case above, it is easy to 
make a dark binary composition by mixing 
magnesium-copper alloy with guanidine ni- 
trate, No. 14 from Table 2. This is quite 
reasonable since the mixture of copper and 
guanidine nitrate, No. 12 from Table 2, will 
do the same. The flash powder might seem 


3 Ba(NO;)7 + 10 Al > 
3BaO + 3N> + 5AL0; 


3 Ba(NO;)> + 10 Al > 
3BaO + 3N> + 5Al0; 


3 KCIO, + 8Al — 3 KCI + 4Ab03 
6 NH,ClO, + 10 Al > 


3No + 12 H2O + 2 AbO3 + 6 AIOCI 
3 BaSO, + 8Al — 3BaS + 4Ab03 


6 NH,ClO, + 10 Al > 


3No + 12 H20 + 2AbO3 + 6 AIOCI 


5 CeH12N4 + 36 NH,CIO, > 


30 CO, + 84H,O + 36HCIl + 28N> 


2 CeH,2Na +9 LiClO, —> 


9LiCl + 12 CO, + 12H,0 + 4N, 


2 NH,CIO, + 5Mg > 


N, + 3H,O + 3MgO + 2 Mg(OH)Cl 
(H>N)3;CNO3 + 2Mg > 2NH3 + N> + 


CO + 2MgO 
4.NH,CIO, + 5 (H:N)3CNO3 > 


21 H,0 + 5CO, + 12N, + 4HCl 


? 


BinO3 + 2Al > 2 Bi + AlO3 
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a little odd since guanidine nitrate is a net 
fuel rather than a net oxidizer. Nevertheless 
guanidine nitrate does contain available 
oxygen and so might function in a flash 
powder in a similar way to barium sulfate in 
the presence ofa highly energetic metal fuel. 


. The dark binary composition is here ful- 


filled by either the copper/ammonium per- 
chlorate combination or the copper/guani- 
dine nitrate combination (Nos. 4 and 12 from 
Table 2). The fact that simple omission of 
ammonium perchlorate from this composi- 
tion results in a smoothly burning smoulder 
composition perhaps favors the latter. No 
ammonia smell is produced, and the brown 
residue is insoluble in water. Unlike the 
previous guanidine nitrate strobes discussed, 
there is no active metal fuel present with 
which to form an obvious flash powder. 
However, the low melting point of guanidine 


Table 4. Hypothetical Strobe Reaction Equations for Formulations in Table 1. 


Flash Reaction Smoulder Reaction 


Mg + S > MgS 


(H2N);CNO3 + Mg > 

(H2N)»>CO + H.O + No + MgO 
(H2N)3CNO3 + Mg > 

(H2N)2>CO + H,O + No + MgO 
(H2N)3CNO3 + Mg > 

(H>N);CO + H,O + N, + MgO 
2 NH,CIO, + Mg > 

2NH3 + Ho + Mg(ClO,)> 
2 NH,CIO, + Mg > 

2NH3 + Ho + Mg(ClO,)> 
CeHi2N4 + 9O2 > 

6 CO, + 6H2O + 2N> 
CegHi2N, + 9 O, > 

6 CO, + 6H,O + 2N> 
2 NH,CIO, + Mg > 

2NH3 + Ho + Mg(ClO,)> 
(H5N)s;CNO; + 2Cu —> 

(H2N)2>CO + H,O + No + Cu,O 
(H5N)s;CNO, + 2Cu > 

(H2N)2>CO + H,O + No + CusO 
? 


Bi.0; + 3Mg > 2Bi + 3MgO 
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nitrate (217 °C) could facilitate the produc- 
tion of a molten mixture with oxidizer, such 
mixtures having the potential for almost 
explosive decomposition.!7! 


The very idea of a black strobe, such as this, 
does not really fulfill the definition given 
earlier since no visible light is produced at 
any stage in the combustion. However, it is 
very closely related to some blue strobe 
compositions." Moreover, the combustion 
gases produced during the “flash” phase 
may be ignited to produce a blue flame. 
This flame does not stay lit in the absence 
of an external ignition source. 


The combustion alternates between a slow 
smoulder and a fast smoulder accompanied 
by a loud sizzling sound; an acoustic strobe 
perhaps? The point here is that the compo- 
sition can be altered by fine gradations (in- 
creasing the ammonium perchlorate to 40%) 
wherein the combustion gases produced dur- 
ing the flash phase reliably ignite in air of 
their own accord to produce the blue flame. 
Therefore the flash phase of this kind of 
blue strobe actually consists of two separate 
reactions: the pyrochemical reaction that is 
essentially the same as that operating in this 
black strobe (L, producing no light), and 
the combustion of the resulting gases in air 
to produce a blue flame. Thus, regardless of 
whether we address the black strobe or the 
related blue strobe, we would still need to 
postulate a flash reaction that produces no 
light. The triangle diagram for the similar 
system, K, with guanidine nitrate in place 
of tetramethylammonium nitrate (TMAN) 
did not show any areas of black strobe.!7! 
Consequently one may not assume that the 
mechanisms are necessarily analogous. 
However, the peculiarity of the black strobe 
phenomenon is not limited to compositions 
containing TMAN. Investigations of various 
potential blue strobe systems also revealed a 
black strobe in combinations of ammonium 
perchlorate, cupric salicylate, and hexa- 
mine.!” It would appear that the explana- 
tory power of the Shimizu hypothesis breaks 
down here. These compositions have a flash 
phase consisting of a fast smoulder, and 
contain nothing like the ingredients expected 
of a flash powder. 
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What of the “dark” reaction, or should we 
say “slow” reaction in these cases? TMAN 
is a net fuel that has very similar burning 
properties to hexamine: easy to ignite, burn- 
ing at a low temperature, with small light 
output. The author postulated the burning 
of hexamine in air as the dark reaction for 
cases G and H.'” One might thus similarly 
postulate the burning in the air of TMAN as 
the dark reaction for strobes containing this 
material. However, the ammonium perchlo- 
rate/cupric salicylate/hexamine system men- 
tioned above has been found NOT to pro- 
duce a visible flame during the dark phase, 
and this was also observed to be the case 
for some TMAN compositions. The dark 
reaction for TMAN strobes is therefore just 
as non-obvious as the flash reaction. 


M. The acoustic strobe effect was referred to in 
the section above. Certain crackling micro- 
star compositions, such as this one, have a 
propensity for multiple reports along with 
flashes and so also fit in the acoustic strobe 
category.’! Shimizu has proposed a mecha- 
nism for the lead based crackling microstars 
that is analogous to his strobe suggestions. !"°! 
One may note that most crackling micro- 
stars contain magnalium, just as do the most 
common kinds of strobes. Thus Shimizu 
proposes that the magnesium primarily takes 
part in the dark reaction, and the aluminum 
primarily takes part in the explosive flash 
reaction. It would not seem unreasonable 
that a similar mechanism could operate in 
the bismuth based microstars. 


Conclusions 


The principal mechanism that has been pro- 
posed to explain the chemistry of pyrotechnic 
strobe compositions is based on alternating re- 
actions corresponding to the “dark” and “flash” 
phases of the strobe."'*! The dark reaction 
should have a low activation energy, together 
with a low heat of reaction. The flash reaction 
should have a high activation energy, together 
with a high heat of reaction. These qualities are 
characteristic of a smoulder composition and a 
flash composition respectively. Thus the hy- 
pothesis predicts that a pyrotechnic strobe com- 
position is capable of deconstruction into a 
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smoulder composition and a flash composition. 
It is not necessary for the components of these 
compositions to be different, since certain bi- 
nary mixtures are capable of each reaction mode 
at different compositional ratios. 


Theoretical analysis of the diverse strobe 
formulations above indicates that, for the most 
part, pyrotechnic strobe compositions can in- 
deed be plausibly deconstructed into a smoulder 
composition and a flash composition. By and 
large this is supportive of the prevailing hy- 
pothesis. However, there nevertheless exist some 
strobe compositions for which an opponent of 
this hypothesis could reasonably claim that 
such deconstruction is “clutching at straws”. 
There is room for doubt. There are several pos- 
sibilities. It could be that the prevailing hy- 
pothesis is correct and general, but we do not 
have sufficient understanding of some strobe 
compositions to see the applicability. It could 
be that the prevailing hypothesis is applicable to 
most strobe compositions, but not to all. It 
could be that the prevailing hypothesis is not 
really the most appropriate description of strobe 
mechanism, and that there may yet be a hy- 
pothesis of more general validity and predictive 
value. The hypothesis that a strobe composition 
can be thought of as a mixture of a smoulder 
composition and a flash composition may have 
value as a post facto explanation. Nevertheless, 
it does not have much predictive value since 
mixtures of a smoulder composition and a flash 
composition will not generally produce a strobe 
composition. Perhaps it is a necessary, but not 
sufficient condition. Our understanding of the 
pyrotechnic strobe would be furthered by a theo- 
retical analysis of the thermodynamics and ki- 
netics involved. Quenching experiments should 
provide valuable evidence regarding the chemi- 
cal changes that have occurred in different 
phases of the cycle. 


Strobe Frequency 


While we do not yet have a good theory to 
enable discovery of new strobe compositions, it 
is nevertheless possible to tailor the properties 
of existing compositions in order better to serve 
our needs. In particular there are some reliable 
methods for fine tuning the strobe frequency to 
suit one’s purpose. The majority, but by no 
means all,''” of practical strobe compositions 
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contain a metal powder. It seems that in these 
cases the frequency may be increased by in- 
creasing the available surface area of the metal. 
Most commonly this is achieved either by in- 
creasing the percentage of metal in the formula- 
tion or by decreasing the particle size of the 
metal powder. In order to decrease the frequency, 
the opposite is done. 


In addition, altering the physical form of a 
strobe composition can affect the frequency. 
Increasing the thermal feedback will usually 
increase the frequency. Thus, a composition in 
a tube will exhibit a greater frequency than the 
same composition as a naked star flying through 
the air. 


Safety Considerations 


Firework composition safety considerations 
most commonly fall into the categories of acci- 
dental ignition hazard or toxicity hazard. Many 
strobe compositions contain ingredients that are 
also found in flash powders. Moreover, the hy- 
pothetical mechanism proposes that strobe com- 
positions could be regarded as being partly 
comprised of flash powder. Thus one might rea- 
sonably assert that strobe compositions should 
be treated with the same respect that one would 
afford flash powder. Practical experience of 
many pyrotechnists has borne this out. Strobe 
compositions have been known to explode catas- 
trophically when subjected to impact. Strobe 
mines have been known to shred metal mortars. 
Nor should one assume that strobe composi- 
tions devoid of active metal fuel are free from 
such considerations. 


A wide variety of firework chemicals are 
used in the preparation of strobe compositions, 
and it is necessary to be aware of particular 
combinations that engender a greater than nor- 
mal predisposition for spontaneous combustion. 
Most notable in this context is the combination 
of magnesium and ammonium perchlorate. As 
stated by Lancaster, “Magnesium is particularly 
liable to heat up in the presence of ammonium 
salts”.''*! Unfortunately this happens to be a 
combination that otherwise has been shown to 
be especially effective for the production of 
variously colored strobe compositions.' The 
usual expedient for accommodating this situa- 
tion is to pacify the magnesium surface with 
potassium dichromate or ammonium dichro- 
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mate. The techniques have been mostly devel- 
oped by Shimizu, and nicely summarized by 
Lancaster.!'*! The use of dichromates, however, 
introduces a toxicity hazard significantly greater 
than typically associated with pyrotechnic com- 
positions.''”! Dichromates are known to be car- 
cinogenic, with potential long latencies after 
exposure. For use in fireworks, therefore, it is 
necessary to take greater than normal precau- 
tions to prevent access to lungs and skin during 
manufacture. There have been some efforts to 
solve the magnesium/ammonium perchlorate 
incompatibility problem in a way that avoids 
undue toxic hazard.”°! 


The use of magnesium aluminum alloy (mag- 
nalium) instead of magnesium, in combination 
with ammonium perchlorate, goes a long way 
in reducing the probability of an unintended 
exothermic reaction. However, magnalium and 
ammonium perchlorate, in combination with 
some other materials, have also been known to 
heat up in the presence of water.'*'! Non-aqueous 
binding generally solves the problem, nitrocel- 
lulose being popular for strobe stars. 


Crackling microstars may be classified as a 
pyrotechnic strobe. The use of lead oxide in 
these compositions presents significant toxic 
hazard.*! The neurotoxicity for the developing 
brain is of particular concern. While infants 
may not be engaged in fireworks manufacture, 
they can nevertheless still smell the smoke. 
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ABSTRACT 


For a given electric match resistance and 
wire gauge, the number of electric matches that 
one can fire in a single circuit, using a standard 
DC firing system, depends on the arrangement 
in which the electric matches are wired (series, 
parallel or series-parallel). The number of elec- 
tric matches fired from a single cue can be 
maximized by utilizing series-parallel circuits. 
This is demonstrated using graphs of the amount 
of current that is sent through each electric 
match in various series and parallel combina- 
tions. This data allows one to determine the 
maximum number of electric matches that can 
be successfully fired in a single circuit. 


Keywords: electric match, all fire current, cue, 
electrical firing, resistance 


Introduction 


During a typical fireworks show or high 
power rocket launch using a low voltage DC 
firing system, an operator will often have multi- 
ple electric matches wired to a single cue to cause 
the simultaneous functioning of multiple effects 
or the ignition of a cluster of individual rocket 
engines. Thus it is reasonable to pose the ques- 
tion, how many electric matches can be reliably 
fired from one cue? Using the data in this article, 
the author demonstrates that the greatest num- 
ber of electric matches can be fired on a single 
cue is when using a series-parallel combination, 
rather than using either a series or parallel cir- 
cuit. The number of electric matches that can be 
fired in this way depends on the resistance of 
the electric matches, the wire gauge being used, 
the voltage and internal resistance of the firing 
system, the amount of current required to con- 
fidently fire each electric match, and details of 
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the series-parallel circuit (i.e., the number of 
electric matches in each parallel branch and the 
number of branches in series). This investiga- 
tion uses standard circuit analysis techniques to 
determine how much current will flow through 
each electric match under the various scenarios 
being considered. 


Electric Matches 


Only the two most commonly used electric 
match brands will be specifically considered in 
this article; however, similar methods of analysis 
could be applied to any type of electric match. 
Those two brands are Daveyfire and OXRAL. 
The properties of these electric matches are 
summarized in Table 1. 


Calculation Method for the Current 
Per Electric Match 


The current that passes through each electric 
match during firing is dependent on its resistance 
and the voltage applied to it. This relationship is 
expressed as Ohm’s Law.'! However, for the 
purposes of the article, first it must be accepted 
that an electric match can be modeled by a simple 
resistance (R,,,), which is the electric match resis- 
tance given in the manufacturers’ data sheets. 


Ohm’s law: The current (J) in amperes 
through any portion of an electric circuit is equal 
to the drop in electric potential (£) in volts across 
that portion of the circuit, divided by the resis- 
tance (R) on ohms of that portion of the circuit, 
as shown in equation 1. 


— 1 
. (1) 
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Table 1. Electric Match Specifications." 


Resistance 
a 


Current (A) 


Series 
Firing 
Current 
Wire Color} (A)! 
Black 
White 
Orange 
Blue/Red 


All Fire 


a) Electric match resistance: Resistance (in ohms, (2) of the electric match head (i.e., without considering the 
attached leg wires or contact resistance when being wired into a circuit). 


b) All fire current: The minimum current (in amperes, A) at or above which all electric matches should fire. For 
OXRAL electric matches, this current needs to be applied for a minimum of 0.05 seconds.'*! Daveyfire elec- 


tric matches will typically fire in 0.002 seconds with one ampere of current flowing through them. 


[2] 


c) Series firing current: The manufacturer recommended firing current for multiple electric matches wired in 


series. 


Ohm’s law can only be used when the cir- 
cuit is represented as a single equivalent resis- 
tance. If multiple resistances are placed in se- 
ries, the summing of their individual resistances 
is all that is needed to obtain the total series 
resistance, as shown in equation 2. 


Rp = UR, = R, +R, +..4R, (2) 


i=l 


where n is the number of electric matches in 
series, Rr is the total equivalent resistance (Q), 
and R;, Ro, ..., R, is the resistance of each elec- 
tric match. When all resistances in series have 
the same value, R, this reduces to 


Rr=n-R (3) 


Following is a discussion leading to calcula- 
tion for the maximum number of electric matches 
that can be fired in series. Assume that the elec- 
tric match has 2 ohms of resistance (match head 
plus leg wire resistance) and that the recom- 
mended electric match firing current is 1 ampere. 
Assume further that the firing system has an 
internal resistance of 4 ohms and uses a 24-volt 
power source. For all examples and graphs in 
this article, the internal firing system resistance 
includes the resistance from a 100-foot firing 
cable, 100 feet of returning ground wire, internal 
battery resistance, and circuit contact resistances. 
Keep in mind, that the resistance of the firing 
cables and ground wire is dependent upon the 
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gauge of the wire. For this reason, a table of 
wire resistance for various gauge wire is pre- 
sented in Table 2. The resistance values are 
given for a complete round trip circuit (1.e., 
ohms/100 feet corresponds to 200 feet of wire). 
If necessary, the internal firing system resis- 
tance can be estimated by measuring the current 
supplied by the firing system when applied to a 
known small resistance and using Ohm’s Law. 


Table 2. Table of Wire Resistances.'*! 


AWG (Gauge) | Feet/Ohm | Ohms/100 ft 


Ohm’s law can be used to find the maximum 
allowable resistance of a firing circuit. For a 24- 
volt firing system that provides one ampere fir- 
ing current, the maximum circuit resistance that 
can be accommodated is 
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E 24v 


PE OA. 
Remembering that the firing system’s assumed 
internal resistance is 4 ohms, this must be sub- 
tracted from the total resistance, R7, to obtain 
the total amount of resistance that the electric 
matches can provide, Rrotematches- 


R 


=240 (4) 


TOTematches R, a Rivtemal (5) 


=240-40=200 


Simply divide the result given in equation 5 by 
the individual electric match resistance (assumed 
to be 2ohms) to give the number of electric 
matches (n) that can be fired in series with 
1 ampere of current flowing through each elec- 
tric match. 

R 20 O 


n= —hmuaiches — —___ = 10 e-matches (6) 
R 20 


ematch 


From equation 6, it can be concluded that 10 
electric matches can be fired in series (given that 
they require 1 ampere of current to flow through 
them, and that they each have a resistance of 
2 ohms). 


The calculations become a little more diffi- 
cult when multiple electric matches are wired in 
parallel. In this case, the simple addition of the 
resistances will not yield the correct result. When 
electric matches are wired in parallel, equation 7 
must be utilized to find the equivalent resis- 
tance. This equation is shown below 


1 “ ] 1 1 1 
= + + 
T isl R, R, R, R, 


1 
tint T- (7) 


n 


where Rr equals the total equivalent resistance 
seen by the voltage source, and R;, Ro, ..., Ry 
are the resistances of each electric match. When 
all of the resistances in parallel are equal, equa- 
tion 7 reduces to 


Rp =— (8) 


where 7 is the number of resistances in parallel. 


Based on equation 8, the total resistance of 
the circuit is greatly reduced when the electric 
matches are placed in parallel (as compared with 
the same number in series). Advantage can be 
taken of this result by remembering that Ohm’s 
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law states that the amount of current that the 
voltage source supplies is inversely proportional 
to the amount of resistance in the circuit. 


Once the equivalent resistance is calculated 
for a parallel, Ohm’s law can be used to deter- 
mine the total amount of current (/7) that will 
flow from the voltage source. It must be kept in 
mind that each electric match in parallel will 
only have a fraction of the total electric current 
sent through the circuit. Once this current has 
been determined, it becomes necessary to divide 
it by the number of electric matches that are in 
parallel to yield the current per electric match, 
see equation 9: 


Current I, 
= amps 9 
Electric match n comps) 0) 


where n is the number of electric matches in 
parallel. Equation 9 allows the determination of 
whether the manufacturer’s recommended firing 
current is being sent through each electric match 
in the circuit. 


If there were no internal firing system resis- 
tance limiting the amount of current that will 
flow through one’s electric matches, then a par- 
allel wiring scheme would be ideal; however, 
this is not the case. With this in mind, it can not 
be assumed that wiring great multiples of elec- 
tric matches in parallel will lower the resistance 
to the point of allowing an infinite number of 
matches to be fired in parallel. For example, 
using the same assumptions as in the series cal- 
culation above, the maximum number of elec- 
tric matches (with the resistance of 2 ohms that 
can be fired in a parallel combination using a 
24-volt firing system and still have at least one 
ampere of current flowing through each electric 
match) is five electric matches. This is only half 
the total number of matches that could be fired 
using the series circuit. 


Using the above information about separate 
series and parallel calculations, the two types of 
circuits can now be combined to maximize the 
number of electric matches that can be fired on 
one cue of the firing system. 
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Series-Parallel Combinations 


As discussed above, each set of parallel elec- 
tric matches is seen by the power source as its 
equivalent resistances given by equation 8. Plac- 
ing a number of these parallel sets of electric 
matches in series with each other, the total cir- 
cuit resistance that is seen by the source is 
given by equation 3. The result is that the total 
resistance is reduced as compared to the same 
given number of electric matches had they all 
been wired in series. Performing each series- 
parallel combination calculation by hand would 
be tedious, so a computer algorithm was written 
applying the above mathematical equations. 
The computer program presents the data graphi- 
cally for an easy comparison of the various se- 
ries-parallel combinations. The various lines on 
the graphs in Figures 2 to 4 represent a different 
number of electric matches in parallel. The hori- 
zontal axis of each graph shows the number of 
sets of these parallel electric matches that are 
wired in series. The vertical axis shows the cal- 
culated electric current that each electric match 
will receive for the given series-parallel combi- 
nation. If clarification is needed on how to wire 
such a series-parallel combination, an example 
is shown in Figure 1. (Note that this might be 
described as a series of parallel groups of elec- 
tric matches.) 


Cue Terminal 


Cue Terminal 


—W—- =One Electric Match 


Figure 1. Electric match circuit (a series of 3 
sets of 4 electric matches in parallel). 
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Theoretical Results 


From a batch of Daveyfire electric matches, 
10 were drawn at random, and their individual 
resistance was measured. The measured resis- 
tance included the 3-meter lead wire that came 
attached to the electric match head. The maxi- 
mum measured resistance was 3.4 ohms. Fig- 
ure 2 is a graph of results using 3.4 ohms as the 
electric match resistance. Figure 3 is a graph of 
results using the typical value of the group of 
measured Daveyfire electric matches, which was 
2.6 ohms. Figure 4 is a graph of results using 
the resistance of 2 ohms, which is given by the 
manufacturer’s data sheet for most other types 
of electric matches, which includes OXRAL. 
Each graph also assumed 4 ohms of internal fir- 
ing system resistance, which is typical of most 
fireworks firing systems. (Rocketry firing sys- 
tems tend to have a much lower resistance, ap- 
proximately 1 ohm, due to the close proximity of 
the power source to the electric matches 1.e., 
there is almost no firing cable resistance). 


4.5 Assuming E-Match Resistance] | — ~ 1 match 
4.0 4 of 3.4 ohms and Internal Firing] |] — — 2 in parallel 
System Resistance of 4 ohms || — - 3 in parallel 
3.5 , ; : : a °] — = 4in parallel 
: : : x 3 ‘| — — Sin parallel 
3.0 : : : : : “| -—--+ 6in parallel 
: : : x “ : 7 in parallel 
2.5 : ; : : . 8 in parallel 
20 é : : . ‘ ‘ 9 in parallel 


— 10 in parallel 


1.5 
1.0 
0.5 
0 


Amperes Per Electric Match 


2 4 6 8 10 12 14 16 18 20 
Sets of Parallel Electric 
Matches in Series 


Figure 2. Graph using the maximum measured 
Daveyfire resistance of 3.4 ohms. 
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1 match 
2 in parallel 
3 in parallel 
» 4in parallel 
5 in parallel 
- 6in parallel 
7 in parallel 
8 in parallel 
--- Qin parallel 
— 10 in parallel 


Amperes Per Electric Match 


2 4 6 8 10 12 14 16 18 20 
Sets of Parallel Electric 
Matches in Series 


Figure 3. Graph using the typical measured 
Daveyfire resistance of 2.6 ohms. 


3.54): : : : : -] —- 4in paral 
: : : : : >| — — 5in paral 
3.07°\ . : , -| --+ 6in paral 
; i R t : :] —- 7inparal 
2.5 E 3 : 4 : -| —— 8in paral 
2.014: : --- Qinparal 


— 10 in paral 


1.5 
1.0 
0.5 


Amperes Per Electric Match 


2 4 6 8 10 12 14 16 18 20 
Sets of Parallel Electric 
Matches in Series 


Figure 4. Graph using the resistance listed on 
the OXRAL electric match data sheet, 2 ohms. 


For electric matches with resistances of 3.4, 
2.6, and 2.0 ohms, the above graphs indicate that 
properly chosen series-parallel circuits will be 
capable of providing | ampere of firing current 
to 9, 12, and 16 electric matches, respectively. 
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4.5 Assuming E-Match Resistance] __ _ 1 match 
4.0 of 2.0 ohms and Internal Firing} — — 2 in paral 
System Resistance of 4 ohms | —— - 3 in paral 


Experimental Results 


To test the results provided in the this arti- 
cle, sets of 50 Daveyfire electric matches were 
test fired using a 24-volt power source with 
4.0 ohms of internal resistance. The electric 
matches used in the tests each had a measured 
resistance of 2.6+ 1 ohms. In the first test the 
electric matches were wired in series. Using the 
equations given above, the electric current 
through each electric match should have been 
approximately 0.18 ampere. (This is less than 
the manufacturer’s no-fire current.) In this test 
none of the electric matches fired. In the second 
test the electric matches were wired in parallel. 
Using the equations given above, the electric 
current through each electric match should have 
been approximately 0.12 ampere. In this test 
again none of the electric matches fired. In the 
third test a series of 5 sets of 10 electric 
matches in parallel were wired together. The 
all-fire current for Daveyfire electric matches is 
0.37 amperes, and the graph in Figure 3 indi- 
cates that a current of 0.42 amperes will flow 
through each electric match in this configura- 
tion, such that each electric match should fire. 
In the test, all 50 of the electric matches fired. 
(All of the electric matches used in this test 
were donated by the Friends of Amateur Rock- 
etry, Inc."*!) 


Conclusion 


Using the results of this study, the number 
of electric matches that can be fired with rela- 
tive certainty can be determined. However, it is 
important to keep in mind that the data used for 
the graphs assumed a specific firing system re- 
sistance and a specific electric match resistance. 
It was also assumed that each electric match has 
the exact same resistance, which can vary slightly 
from match to match. Knowing this, the reader 
is cautioned to use this data in a manner that 
leaves room for these uncertainties. By only us- 
ing series-parallel combinations that will yield a 
current of more than one ampere, one can be 
confident that all of the electric matches in the 
circuit will fire. 
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ABSTRACT 


As a result of studies performed, the burn 
rate and characteristics of the special effect of 
sparking compositions are established. A method 
of determining the spark characteristics by pho- 
tographic method is tested. The results from im- 
provement in the formulation of compositions 
for components used in garden fireworks are pre- 
sented. 


Keywords: garden fireworks, consumer 
fireworks, sparking composition, spark 


Introduction 


Fireworks always have been and continue to 
be one of the main components of festivals and 
other entertainment presentations. At the present 
time the most popular garden fireworks are foun- 
tains, wheels, spinners, waterfalls and other 
items that are loaded mainly with sparking com- 
positions. 


Patents contain enough information about 
formulations, and there is a branch-wise stan- 
dard for this type of composition; however, the 
majority of compositions are being created by a 
trial and error method. There are no scientifi- 
cally-based concepts for the development of the 
fireworks compositions in general, and for spark- 
ing compositions in particular. The quantitative 
criteria, by which sparking characteristics are 
evaluated, are not elaborated. In connection with 
this, studying the burn rate and spark generation 
and the factors that influence spark generation 
characteristics are studied. 
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Background 


The spark tail can be presented as particles 
of burning metal sparks or slag burning in the 
gaseous flow. The entertainment quality of the 
sparking compositions is determined mainly by 
the size, concentration and height of the sparks 
(height of the spark stream). As a rule, spark 
characteristics are determined visually, how- 
ever, in some cases it is very difficult to quan- 
tify. From the photos of flames in Figure 1, it 
can be seen that the flames are heterogeneous, 
and it is very difficult to draw a top boundary- 
line of the stream. It would not be correct to 
measure the height of the stream based on the 
maximum height of the sparks, because the metal 
particles vary in size. Consequently, it is neces- 
sary to establish the criteria for estimating the 
stream height. There are several ways of meas- 
uring the geometrical dimensions of the flames, 
one of which is photographic. This method has 
been applied to determine the stream height. 
The concentration of particles in the flow was 
determined photographically by determining the 
distance from surface of the sample to where 
the concentration of the luminous particles is 10 
percent of maximum, is being accepted as a 
height of the stream. This system is not perfect, 
but it allows one to obtain quantitative values 
for the stream height. 


One of the main goals for a sparking compo- 
sition is to supply an intense spray of spark par- 
ticles in the flow of gaseous combustion prod- 
ucts, which is achieved during convective burn- 
ing of the composition.) Thus the burning com- 
position should be wide enough and burn hot 
enough to form a large area of convective gases. 
To accomplish this mechanism, the following 
conditions should be met: 
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b) Iron filing spark 
material 


a) Aluminum spark 
material 


Figure 1. Photos of the streams being formed 
during burning of compositions containing 
aluminum and iron filing spark producing 
materials. 


1) The sample should have porous structure. 
Relative density of the sample should not ex- 
ceed 0.7-0.8 g/cm’; 


2) The composition should include components 
that can decompose at low temperatures with 
formation of large amounts of gaseous prod- 
ucts; 


3) During the burning process, the composition 
should not form liquid slag on surface of the 
sample. 


Experimental 


Proceeding from these requirements, the oxi- 
dizer to be used needs to be one that easily de- 
composes and generates a significant amount of 
gas during its decomposition. Of the traditional 
oxidizers for pyrotechnic compositions, ammo- 
nium nitrate (AN) (NHsNO;) and ammonium 
perchlorate (AP) (NH,C10,) are the most suit- 
able. It has been shown experimentally that the 
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use of ammonium nitrate during the burning 
process generates slag on the burning surface 
and a stream of sparks is not formed. Therefore 
AP was chosen for further studies. The chosen 
organic fuels need to be ones that easily melt 
and is capable of forming additional pores in the 
sample during burning process. Hexamine (uro- 
tropine, CsH;,N4) has these properties, with a 
melting temperature of 230-270 °C. 


Test fountains were made using paper tubes 
25mm long with 20mm ID. The fountains 
were not choked and contained approximately 
10 grams of composition. 


The height of the stream and burning rate of 
the composition are determined mostly by the 
characteristics and content of the metal fuel. 
The best stream characteristics have been ob- 
tained with magnesium powder. Table 1 shows 
that an increase in magnesium powder (MPF-4 
brand, as turnings) content up to 4 percent in- 
creased the burn rate and stream height by a 
factor of 1.5. However, at the same time, smoke 
emission from the compositions increased sig- 
nificantly; therefore the optimum magnesium 
content in the composition is 4 to 5 percent. 
The particle size of magnesium powder deter- 
mines the characteristics and burning rate. (See 
Table 2.) 


Table 1. The Dependence of the Burning 
Rate and the Stream Height on Magnesium 
Content in the Composition. 


Magnesium | Burning Rate | Stream Height 
Content (%) (mm/s) (m) 
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Table 2. The Influence of the Particle Size of 


Magnesium Powder upon Stream Height and 
Burning Rate of the Compositions. 


Stream Burn 
Height Rate 
(mm/s) 


Particle Size of 
Magnesium Powder 


(microns) (m) 


To increase the strength and to keep the di- 
mensions and firmness of the sample, binders 
are introduced into the compositions. As the 
binder (Iditol, an artificial lacquer-type resin) 
content in the composition is increased, the 
stream characteristics are decreased (see Ta- 
ble 3). In our opinion, this is related to the fact 
that melting of Iditol precedes its decomposition. 
The optimum Iditol content is 3 to 5 percent. 


Table 3. The Dependence of the Stream 
Height on Iditol Content in the Composition. 


Iditol Content | Stream Height 
(m) 


Having analyzed the obtained results the fol- 
lowing formulation of the composition is pro- 
posed: 


Ingredient 


Ammonium perchlorate (AP) 
Magnesium powder (MPF-4 brand)* 
Hexamine (urotropine) 

Iditol 

Spark material 


* average particle size is 56 microns. 


Traditionally, coarse charcoal, cast iron, alu- 
minum and titanium powders, as well as iron and 
zinc filings, are used as spark materials. Figure | 
contains photos of the streams of sparks obtained 
with the use of aluminum and iron powders of 
different mesh sizes. Fine and relatively light 
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particles of iron filings (Figure 1b) are burnt in 
the flow, and they form a dense and radiating 
stream resembling a “fox tail”. It does not show 
the beautiful effect of sparks falling, which is 
typical for burning of compositions containing 
aluminum (Figure la). Therefore, it is neces- 
sary to consider the size of the spark generating 
material while discussing spark formulations. 
The relationship between burn rate and stream 
height using various particle sizes of aluminum 
powder (spherical atomized) and iron filings are 
given in Table 4. As the particle size of the 
spark material is increased, the burn rate, as 
well as stream height, is decreased. However, 
the greatest entertainment effect is attained with 
use of larger particles, therefore aluminum pow- 
der and iron filings with particle size smaller 
than 200 microns can be recommended for foun- 
tains, whereas for waterfalls, larger iron filings 
and aluminum powder particle size larger than 
200 microns ) are recommended. 


Table 4. The Influence of the Particle Size of 


Aluminum Powder and Iron Filings upon 
Burning Rate and Stream Height of the 
Compositions. 


Average 
Particle 


Burning 
Size Rate 
(microns) | (mm/s) 


Aluminum 


1.30-1.50 
1.50 
1.20 


<45 2.50 
20-45 1.95 
200-315 1.70 
315-400 1.20 
>500 . No stream 


Reference 2 indicates that zinc filings form a 
beautiful stream of pale blue sparks during 
combustion, however, this effect was not ob- 
served with our compositions. A partial substi- 
tution of aluminum for zinc powder reduced the 
stream height from 2.0 to 1.2 meter, whereas 
with complete substitution, the spark stream is 
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totally absent. Thus, the use of zinc filings as a 
spark generator in this composition was not 
useful. 


Conclusion 


Great attention has been devoted to the 
safety aspects during the development of the 
compositions. When products are being burnt in 
the immediate vicinity of spectators, it is impor- 
tant that they emit little or no smoke and that no 
toxic substances form during burning of the 
compositions. The thermodynamic analysis has 
shown that main toxic substances being formed 
during burning of the compositions are chlorine 
and hydrogen chloride. Calculations on our for- 
mulations showed that the product generated 
2.02 moles of toxic material per kilogram for 
the tested composition, whereas typical formu- 
lations generated 2.10—2.28 moles of toxic ma- 
terials per kilogram. Thus, the important task of 
further reducing the chlorine-containing prod- 
ucts in the composition was accomplished. In 
the course of work, sensitivity of the composi- 
tions has been determined. All compositions are 
highly impact sensitive, whereas they have me- 
dium friction sensitivity. 


Thus, the complex studies carried out allowed 
the establishment of basic burn rates and spark 
characteristics of the sparking compositions, 
system of determination of the streamer charac- 
teristics by photographic method is proposed 
and tested, results on tested and improvement 
of formulations of the compositions for loading 
of the garden fireworks are presented as well. 


The main directions for further studies are: 


1) The substantiation of the concept of “sparking 
flow” and the “spark”; 


2) The development of techniques to define the 
characteristics of sparking pyrotechnic com- 
positions; 


3) The development of non-polluting composi- 
tions with reduced sensitivity towards me- 
chanical influences. 
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ABSTRACT 


A number of parameters are needed to de- 
sign a rocket motor to satisfy the specified flight 
trajectory of its payload. The major components 
of a rocket motor are propellant grain, motor 
case and its insulation, nozzle, and igniter. One 
of the key parameters is the burn rate charac- 
teristic of the propellant grain that is set in a 
rocket chamber either by cast method or by 
free-stand. The combustion phenomena in the 
motor are highly dependent on the design of the 
perforated propellant grains in which transient 
burning, erosive burning, oscillatory burning, 
and unstable burning occur. As a special rocket 
motor design, a two stage motor with two pro- 
pellant grains in a single chamber, is described 
and compared with practical firing test results. 


Keywords: flight dynamics, rocket motor, 
propellant combustion, two-stage motor, 
igniter, propellant grain, nozzle 


1. Introduction 


Rocket projectiles are used to carry a pay- 
load from a launch site to a specified location or 
altitude within a specified time. Rocket motors 
are used to generate propulsive forces for the 
projectile flight of which velocity is either sub- 
sonic or supersonic, or even hypersonic. The size, 
mass, and thrust of solid rocket motors vary 
widely from the space shuttle booster (3.77 m 
in diameter, 45.45 m in length, 502.12 x 10° kg 
of mass, and 11.79 MN thrust at sea level) to a 
micro-rocket motor (smaller than 0.01 _m in 
diameter, 0.05 m in length, 0.1 kg of mass, and 
1.0 N thrust). However, the fundamental con- 
cepts of rocket motor design are independent of 
the size, mass, and thrust. 
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The thrust generated by the combustion of a 
solid propellant is determined not only by the 
chemical energy of the propellant but also the 
thermodynamic processes in a rocket motor. In 
this article, the physicochemical properties of 
propellants and the energy conversion processes 
in rocket motors are presented in light of the 
design of various types of rocket motors. 


2. Flight Dynamics of Rocket 
Projectiles 


2.1 Momentum Change of Exhaust Gas 


The design of a rocket projectile assisted by 
a solid rocket motor is determined by the re- 
quirement of flight trajectory. Once its flight 
trajectory and payload are given, an optimized 
total mass of the projectile and the thrust versus 
time of flight are determined." The flight path 
of the projectile is dependent on various exter- 
nal parameters such as gravitational force, air 
density, wind velocity, and so on. 


Although the physical structure of solid 
rocket motors is a very simplified one when 
compared with that of liquid rocket motors, 
once the propellant is ignited, the thrust gener- 
ated by the propellant combustion cannot be 
changed. Thus, the chosen design parameters are 
not flexible. The mass and the size of the pro- 
pellant grain are evaluated through the required 
thrust versus burning time relationship. In gen- 
eral, as the mass of the payload increases, the 
mass of the propellant grain in the motor in- 
creases, and the size of the motor also increases. 


The momentum change of the projectile 
during rocket motor operation is represented by 


(M —Am)(V + AV)-MV =MAV -VAm (1) 


where M is the mass of the projectile at time ¢, 
V is the flight velocity, AV is the velocity 


Page 27 


change during the time interval At, Am is the 
exhaust mass from the projectile during the 
time interval Az. In equation 1, it is assumed that 
the AVAm term is such a small value that it can 
be ignored. The momentum change of the ex- 
haust gas is represented by 


(V —u,)Am=V Am—u,Am (2) 


where wu, is the exhaust gas velocity from the 
projectile. Thus, the overall momentum change 
is given as 


MAV —u,Am (3) 
The thrust F is given by the momentum changes 


of the projectile and the exhaust gas per unit 
time as 


_ MAV -u,Am 
At 


F (4) 


2.2 Aerodynamic Drag and Flight 
Trajectory 


As shown in Figure 1, the force balance act- 
ing on the rocket projectile is represented by 


F =-D-Mgcos0 (5) 


where D is the aerodynamic drag and g is the 
gravitational acceleration. Since the mass of the 
projectile decreases (AM during the time inter- 
val Af), the relationship of Am/At=— (AM/At) 
is obtained. Using equations 4 and 5, one gets 
the force balance of 


MAV +u,AM =(—D-Mgcos®)At (6) 


Thus, the velocity increase of the projectile is 
obtained as 


u.AM  DAt 
M 
Assume horizontal flight (9 = 90°), for ex- 
ample, without aerodynamic drag (D=0), the 
flight velocity increases from Vo to V and the 


mass decreases from My to M. By integrating 
Equation 7, one gets 


V—-V, =u, \ng (8) 


AV= 


gcosOAt (7) 


where g is the mass ratio defined by g = Mo/M. 
The maximum flight velocity V,,,,. is obtained 


Vue =Vy tu, In. Qy (9) 


max 
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Figure 1. Force balance during flight of a 
rocket projectile. 


where @ is the mass ratio of the initial mass Mp 
and the burnout mass M, of the projectile. 


In the case of vertical flight (@= 0°) from 
the ground without aerodynamic drag (D = 0), 
the flight velocity at time ¢ is also obtained by 
the integration of equation 7 as 


V =u, lng- gt (10) 


The altitude , at the burnout time ¢, is obtained 
by the integration of equation 10 as 


11 s 
hom} “| ts (11) 
PD 


It can be seen from equation 11 that the flight 
altitude increases as gp increases and/or u, in- 
creases. The maximum flight altitude h; of the 
projectile is obtained by the conservation of the 
kinetic energy and the potential energy of the 
projectile as 


2 


M, = M,g(h; -h) (12) 


Since the burnout velocity V, at time ¢, is ob- 
tained by V, =u, In @ — g ty, hy is obtained as 


1 2 
h, = ue ( Nn) u,t, (# In PD J (13) 
2g P 


The thrust required for flight in the atmos- 
phere is determined by the aerodynamic drag for 
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deceleration shown in equation 5. The aerody- 
namic drag is represented by 


1 
D=* Pa V°AC, (14) 


where V is flight velocity, A is the maximum 
cross sectional area of the projectile, p, is air 
density, and C, is the drag coefficient. Since Cz 
is dependent on the flight velocity and the physi- 
cal shape of the projectile, C; must be deter- 
mined by either wind tunnel tests, mathematical 
computations using computational fluid dynam- 
ics (CFD), or physical simulations. Figure 2 
shows a typical drag coefficient of a rocket pro- 
jectile as a function of Mach number. Mach 
number is defined as the ratio of the flight ve- 
locity and the speed of sound in the flight at- 
mosphere. 


o 
fo) 


Drag Coefficient 


0 1 2 3 4 5 
Mach Number 


0.0 


Figure 2. Drag coefficient of a typical rocket 
projectile as a function of Mach number. 


The deceleration of the projectile after burn- 
out (a) due to the aerodynamic drag and gravi- 
tational force is obtained by 


F 1 Vy? 
a=—=-—C,p A—- gcosd 15 
M 2 dPa M & ( ) 


In the case of 8 = constant, the velocity at time ¢ 
is obtained by the integration of equation 15 as 


2 
V =), -|[ $610.44 je ercoso (16) 


The flight altitude at time ¢ is obtained by the 
integration of equation 16. It must be noted that 
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Cz is a function of velocity when equations 15 
and 16 are integrated. 


If one assumes that the flight is vertical and 
Ca remains constant during free flight, the alti- 
tude h, is obtained by the integration of equa- 
tion 16 as 


h,=[V dt (17) 


Using equations 16 and 17, the relationship 
between V and /,as a function of ¢ is obtained. 


3. Thermodynamics for Thrust 
Generation 


3.1 Structure and Combustion of a Rocket 
Motor 


The chemical energy of a solid propellant is 
converted to thrust that is generated by a rocket 
motor through combustion phenomena. When a 
solid propellant burns in a rocket motor, high 
temperature combustion products are formed 
and high pressure is created in the motor. Then 
the thrust is generated by the high pressure based 
on the momentum change through a thermody- 
namic nozzle attached at the aft end of the 
combustion chamber. Figure 3 shows the fun- 
damental structure of a solid rocket motor. The 
motor consists of combustion chamber, nozzle, 
and propellant. The propellant grain is set in the 
combustion chamber and the nozzle is attached 
at the aft end of the combustion chamber. The 
nozzle is used as an accelerator of the combus- 
tion gas from subsonic flow to supersonic flow, 
and the combustion gas is exhausted to the at- 
mosphere through the nozzle. The nozzle con- 
sists of a convergent part, a throat, and a diver- 
gent part. The convergent part accelerates the 
subsonic flow to sonic speed and then the di- 
vergent part accelerates the gas flow from sonic 
speed to supersonic speed. The maximum speed 
is obtained at the exit plane of the divergent 
part. The convergent part and the divergent part 
(A.) are connected at the nozzle throat where 
the cross-sectional area is the minimum of the 
nozzle 4,.!'3! 
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Figure 3. Structure of a rocket motor and burning of a propellant grain. 


Since the propellant grain is set in the com- 
bustion chamber, the free volume in the cham- 
ber increases as the propellant grain is consumed. 
The internal surface of the chamber may lbe 
covered by an insulating material to protect the 
chamber wall from the high temperature com- 
bustion products. Thermally resistant material 
is used for the nozzle to prevent thermal erosion 
from the high temperature and high velocity gas 
flow. An igniter is attached to the chamber wall 
to ignite the initial surface of the propellant grain. 


3.2 Mass Balance in a Rocket Motor 


As shown in Figure 4, a rocket motor is a 
high pressure vessel in which high pressure is 
formed by the combustion of a propellant grain 
in the vessel. The high pressure decreases in the 
nozzle as the gas flow velocity increases. Since 


Combustion Chamber 


the pressure acts perpendicular to the internal 
surface of the combustion chamber and the 
nozzle, the resultant pressure acting on the 
rocket motor yield the thrust. Thus, the pressure 
in the chamber and in the nozzle is an important 
parameter in determining the thrust characteris- 
tics of the rocket motor. 


When a propellant grain set in a combustion 
chamber burns, combustion gas is generated and 
is discharged from the nozzle as shown in Fig- 
ure 3. The mass generation rate in the combus- 
tion chamber, m,, is given by 


m, = p,A,r (18) 
where r is burning rate of the propellant, A, is 


the burning surface area of propellant, and p, is 
the density of propellant. The mass discharge 


Nozzle 


Figure 4. Pressure distribution in the combustion chamber and the nozzle of a rocket motor. 
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rate from the nozzle, m,,is given by 
Mm, =CyA.p, (19) 


where 4, is the cross-sectional area of the throat, 
Pc is the chamber pressure, and cp is the nozzle 
discharge coefficient given by 


y+i 


co ay (20) 


RT, y+l 


Equation 20 shows that cp is dependent on the 
combustion properties of propellant such as 
combustion temperature 7,, molecular mass M,, 
and y is the ratio of specific heats at constant 
pressure to the specific heat at constant volume 
for the combustion product. The universal gas 
constant R is defined by R= R,M,, where Rg is 
the gas constant of the combustion product. 


The mass balance of the rocket motor at 
steady state is given by 


ra, = tit, (21) 


Using equations 18, 19 and 21, the chamber 
pressure is determined to be 


4 p,&,r 


c 


(22) 
Cp 

where K,, = A,/A,, which is determined by the 
physical dimension of the rocket motor design. 
In general, the burn rate of propellant increases 
linearly as pressure increases in a In p versus 
Inr plot at constant initial temperature 7», 
where r is burn rate and p is pressure. Thus, the 
burn rate is represented by the experimental 
law, Vieille’s law or Saint Robert’s law as 


r=ap" (23) 


where 7 is the pressure exponent of burn rate 
and a is a constant based on the initial propel- 
lant temperature 7. Substituting equation 23 into 
equation 22, one gets 

1 


p= [ee J (24) 


Cy 


The mass balance of a rocket motor is illus- 
trated in Figure 5. The chamber pressure p, is at 
the intersection of the straight line m, and the 


curved line of m - It is evident that the inter- 
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section point is a stable point only when the 
pressure exponent 7 is less than unity. When 
n>I1,m, becomes larger thanm, and the cham- 


ber pressure increases slightly. As a result, the 
rate of gas generation becomes greater than the 
rate of mass discharge, and the chamber pressure 
increases to an even higher pressure—usually 
resulting in an explosion. On the other hand, if 
the chamber pressure should decrease slightly, 
m, becomes larger than m,. As a result, the 


chamber pressure decreases to atmospheric pres- 
sure. 


S p, determined by 
& My =Mq 


“thy (n> 1) 
UNSTABLE 


Pressure 


Figure 5. Mass balance of the mass 
generation in the chamber and the mass 
discharge from the nozzle showing the 
conditions of stable and unstable burning. 


3.3 Thrust and Specific Impulse 


Once the thrust required is determined, the 
mass generation rate (7, ) of the propellant 


grain in the rocket motor is determined by the 
following relationship: 


F=mn,L, (25) 


where J. 


sp» the specific impulse, is determined 
by! 4 
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(26) 


ytl 
(aye We bea 
wk -2 yM,\ De 4, 


where 7, is the combustion temperature, M, is 
the molecular mass of the combustion products, 
y is the specific heat ratio, R is the universal gas 
constant, A, is the cross-sectional area of the 
nozzle exit, p. is the pressure at the nozzle exit, 
Pa is atmospheric pressure, and g is the gravita- 
tional acceleration. This shows that J,, is a 
function of not only the energetics of the pro- 
pellant but also the expansion ratio of the noz- 
zle, which is determined by ratio of the nozzle 
exit area to the throat area and the ambient at- 
mospheric pressure. The maximum specific im- 
pulse (Usp max) 1s obtained when the nozzle exit 
pressure is equal to atmospheric pressure (i.e., 


Pe = Pa) as 


This condition is obtained when the expansion 
ratio is chosen to be an optimum expansion ra- 
tio as described in Reference 2. 


The thrust of a rocket motor is expressed 
byl?) 


F=c,Ap, (28) 


where F is thrust, p. is pressure in the combus- 
tion chamber, and cr is the so-called “thrust 
coefficient”, which is determined by the nozzle 
expansion ratio of the rocket motor as given by 


ae He 


2y? taal 
Cr = “( -y 1 2)’ + 
i Y Pe (29) 


[zae. | 
PD c A, 
This shows that cr is only dependent on the ex- 
pansion ratio of the divergent part of the nozzle 


and is independent of the combustion perform- 
ance of the propellant in the combustion cham- 
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ber. The maximum thrust coefficient (Crnqx) 18 
obtained when the pressure at the nozzle exit 
(p-) is equal to the atmospheric pressure (p,). 
Thus, Crmax 1S given by 


3 yah ane 
2 2 \r y 
Cr max a : y 1 Es (3 0) 
pak Rl P. 


In general, cr is approximately 1.4-1.5 for low 
altitude operation and 1.5—1.6 for high altitude 
operation when the nozzle is designed to gain 
an optimized expansion ratio. The overall per- 
formance of a rocket motor is given by J,,, 
which consists of two parameters:!'*! the per- 
formance of combustion in the rocket motor 
represented by 7, /M, and the performance of 
the nozzle represented by cr. 


3.4 Pressure Sensitivity of Burn Rate 


The pressure sensitivity of burn rate is ex- 
pressed as!'*! 


dinr 
i= 
dln p 


at constant 7, (31) 


The burn rate also increases as 7p increases at 
constant pressure. A typical example of the re- 
sults obtained by a strand burner at 7) = 233 
and 333 K is shown in Figure 6. The tempera- 
ture sensitivity of burn rate, o,, is defined as the 
fraction of burn rate increase when the initial 
propellant temperature of 273 K is increased at 
constant pressure as 
7% 


Goat 32 
Fp (32) 


where ro and r; are the burn rates at tempera- 
tures Ty) and 7,, respectively. The differential 
form of o, is 
dilnr 

oO = 


P 


at constant p (33) 
0 


Substituting equation 23 into equation 33, one 
gets 


_ d In(ap") 
Dp dT, 
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at constant p, and then 
ce 


T, 
o,= Ge at constant p (34) 


Burn Rate (mm/s) 


1 2 4 7 10 
Pressure (MPa) 


20 30 


Figure 6. Burn rate versus pressure at 
different initial propellant temperatures. 


3.5 Pressure Sensitivity of Rocket Motor 


When 7» of the propellant in the combustion 
chamber is changed, p, is changed according to 
the relationship of equation 24. The pressure sen- 
sitivity of a rocket motor, 7;, is defined asi 

P., ~ Poy 


,=—Pe— at constant K,, (35) 
T,-T, 


1 0 


where p, and p,, are the chamber pressures at 
T, and To, respectively. The differential form of 
equation 35 is given by 

_ din p, 


1, at constant K,, (36) 
df, 


Substituting equation 24 into equation 36, one 
gets 
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a 1—n) (37) 


Thus, it should be noted that the temperature 
sensitivity of burn rate o, and the pressure ex- 
ponent of burning rate n are the two important 
parameters to determine the chamber pressure 
Pc (1.e., the thrust of the rocket motor as shown 
by equation 28 at different initial propellant 
temperatures). 


Figure 7 shows a typical result of rocket 
motor firing tests at JT) = 233 and 333 K (con- 
stant K,). The propellant used is hydroxyl- 
terminated polybutadiene (HTPB) / ammonium 
perchlorate (AP) composite propellant com- 
posed of &(AP)=0.84 with o,=0.003/K and 
n=0.5 (a, =0.006/K). It is important to note 
that the chamber pressure increased from 
4.9 MPa (To = 233 K) to 8.0 MPa (Tp = 333 K). 


Gp = 0.003/K 
n=0.5 


Pressure (MPa) 


O02: 4°) 56> 28.. A042 
Burn Time (s) 


Figure 7. Firing test results of a rocket motor 
at different temperatures. 
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Figure 8. Propellant grains and their thrust 
(pressure) versus burning time. 


4. Propellant Grain Design 


4.1 Thrust Versus Burning Time 


The thrust generated by the burning of a 
propellant grain is determined by the mass burn 
rate and the mass discharge from the nozzle. 
The mass burn rate is dependent on the linear 
burn rate, burning surface area, and propellant 
density. The burning time ¢, is given by 


pa (38) 
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where L, is the length or thickness of the pro- 
pellant grain and is termed “web thickness”. 
The burning surface area A, is dependent on the 
grain geometry. 


Figure 8 shows typical propellant grain 
shapes to gain various types of thrust versus 
burning time relationships.!"! The external burn- 
ing—from the outside of a cylindrical grain— 
generates a regressive thrust as the burn time 
increases. On the other hand, an internal burn- 
ing grain from the internal surface of a hole in a 
cylindrical grain generates a progressive thrust 
as burning time increases. A star-shaped inter- 
nal burning generates a neutral burning (i.e., the 
area remains relatively unchanged during burn- 
ing). The external-internal burning cylindrical 
grain generates a neutral burning. An end burn- 
ing cylindrical grain also generates a neutral 
burning. 


Figure 9 shows various types of granulated 
propellant grains used for guns and pyrotech- 
nics. Since a large number of the granulated 
grains burn simultaneously in a combustion 
chamber, the burning surface area A, is signifi- 
cantly higher than the propellant grains shown 
in Figure 8; also the mass burning rate of the 
granulated grains is high. The chamber pressure 
becomes high due to high K, based on equa- 
tion 22, and the thrust becomes high. On the 
other hand, the burning time ¢, becomes very 
short, based on equation 38, since the web 
thickness of the granulated grains is very thin. 


SYM 


Figure 9. Various types of granulated 
propellant grains. 


Internal burning grains are commonly used 
for solid rocket motors to protect the chamber 
wall from the high temperature gas generated 
by the propellant combustion. The side chamber 
wall is exposed only when the burning of the 
grain is complete. Thus, the heat insulation of 
the chamber wall is not a major issue for the 
motor design. Figure 10 shows typical cross 
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Figure 10. Cross-sections of perforated 
internal-burning propellant grains. 


sections of perforated propellant grains, such as 
star-shaped, wagon-wheel-shaped, and dendrite- 
shaped. Two or more different propellant lay- 
ered grains are also used to gain various types 
of thrust versus burning time.!"! 


Sustainer Propellant 


Since rocket projectiles are generally 
launched from the ground or from low speed 
carriers, and the initial speed of the projectile is 
low, a high thrust is required to gain stabilized 
flight of the initial stage to protect the rocket 
motor from side wind effects and/or to avoid 
tip-off from launchers. Thus, the thrust of a 
rocket motor often consists of two phases, 
booster phase and sustainer phase. When the 
thrust ratio of the booster and sustainer phases 
is not high, the required thrust versus burning 
time curve is attained. However, when the ratio 
is high, two propellant grains are needed: a high 
burn-rate grain for the booster phase and a low 
burn-rate grain for the sustainer phase. Fig- 
ure 11 shows typical combinations of two grains 
and internal and/or end burning type of grains 
to obtain high thrust ratios of booster and sus- 
tainer phases. 
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Figure 11. Some typical combinations of two propellant grains in a rocket motor. 
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4.2 Grain Design Concept 


The selection of propellant for a specific re- 
quirement for a practical rocket motor design is 
based on the specific impulse, combustion tem- 
perature, exhaust products and the relationship 
of burn rate and pressure. This includes the 
value of the pressure exponent and temperature 
sensitivity of burn rate. The burn rate is in- 
creased by the cross-flow in the port of the in- 
ternal burning grain, the so-called erosive burn- 
ing. In the case of aluminized propellants, the 
local burning rate of the burning surface of an 
internal burning grain is increased under a cen- 
trifugal acceleration. Furthermore, an oscilla- 
tory burning occurs in a rocket chamber when 
the burn rate response of the propellant is 
matched to the acoustic mode of the free vol- 
ume of the chamber. These combustion phe- 
nomena must be examined prior to the practical 
grain design.!*'! 


Once a propellant is chosen, the following 
three parameters are taken into account for the 
propellant grain design: 


1) Burning area versus burning distance (also 
referred to as “web thickness”) 


2) Mechanical stress analysis 
3) Anti-aging analysis 


The thrust versus burning time requirement 
is obtained by the selection of the propellant 
grain combinations or the perforation of the grain 
shape.!°*! Since the propellant grain in a rocket 
chamber encounters various mechanical stresses 
from the high axial and/or radial acceleration or 
by the temperature change of the grain, a me- 
chanical stress analysis 1s required. If the rocket 
motor is used even after a decade, an anti-aging 
analysis is required to maintain its design per- 
formance. 


4.3 Selection of Propellants 


A propellant composed of ammonium per- 
chlorate (AP) as the oxidizer and hydrocarbon 
polymer as the fuel component is the so-called 
“AP composite propellant” and is commonly 
used. Hydroxyl-terminated polybutadiene (HTPB) 
or carboxyl-terminated polybutadiene (CTPB) is 
used as a fuel component and as a binder to ad- 
here to the AP particles to form a propellant 
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grain. AP composite propellants are widely used 
for space launch rockets and missile rockets 
because of their wide range of burning rate 
characteristics, relatively safe production, low 
sensitivities to friction and mechanical shock, 
and low production cost. The mechanical prop- 
erties such as stress strength, elongation, and 
elasticity are chosen based on the required bal- 
listic characteristics. The burning rate charac- 
teristics expressed by equation 23 are managed 
by the choice of AP particle sizes, solids loading 
and burn rate catalysts. When a high burning 
rate is needed, small AP particles are used. Fur- 
thermore, the burning rate is increased by the 
addition of a small amount of iron oxide (e.g., 
1% Fe,O3) and is decreased by the addition of 
lithium fluoride (e.g., 1% LiF). 


The specific impulse defined in equation 26 
is increased by the addition of fine aluminum 
powder to AP composite propellants, for exam- 
ple, J,, is increased about 7 % by the addition of 
15% Al. However, large amounts of white smoke 
are formed as combustion products from the 
formation of aluminum oxide (A1,O3) particles. 
Though the exhausted white smoke does not 
interfere with any application of space launch 
rockets, it must be eliminated from tactical 
rockets to avoid detection of the launch sites or 
ballistic trajectories. When no aluminum parti- 
cles are added to AP composite propellants, no 
generation of solid particle white smoke occurs. 
This class of AP composite propellants is called 
“reduced smoke propellants” and is used for 
air-to-air missiles and surface-to-air missiles. 
However, when the humidity in the atmosphere 
is much above 70% or the temperature in the 
atmosphere is much below 250 K (—23 °C), 
white smoke is generated by the hydrogen chlo- 
ride (HCl) produced by the AP particles used as 
the oxidizer. The hydrogen chloride exhausted 
from rocket nozzles into the atmosphere pro- 
vides nuclei to form water mists with the high 
humidity of the atmosphere or reacts with water 
from the combustion products exhausted to a 
low temperature atmosphere. 


If one requires smokeless exhaust gas—even 
under high humidity conditions—double-base 
propellants or ammonium nitrate (AN) based 
composite propellants are used. Since these pro- 
pellants are composed of halogen-free ingredi- 
ents, no visible smoke is formed even when the 
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humidity in the atmosphere is high. Since dou- 
ble-base propellants are composed of nitrate 
esters such as nitroglycerin and nitrocellulose, 
the cost of production is relatively high and the 
mechanical properties are inferior to AP com- 
posite propellants. The disadvantage of using 
AN as an oxidizer is that the specific impulse is 
low and strict humidity control is needed during 
the production process because of the hygro- 
scopic nature of AN. 


5. Design of Rocket Motor Case and 
Thermal Protection 


5.1 Size and Shape of Rocket Motor Case 


The chamber of a rocket motor case is used 
as the container for a propellant grain and is 
also used to burn the propellant grain under 
conditions of high pressure and high tempera- 
ture. The size of the chamber is determined by 
the volume of the propellant grain required to 
generate the total impulse. The chamber pres- 
sure in the motor is given by the required thrust 
and the nozzle throat area as 


F 
cr, 


Pe ~ 


The thickness of the chamber wall is deter- 
mined by the size and the mechanical properties 
of the material used for the motor case. Al- 
though the combustion pressure changes during 
burning due to the changing burning surface 
area of the propellant grain, the wall thickness 
must be determined by the maximum chamber 
pressure Pemax during burning. In addition, a 
safety margin of the wall thickness must be 
taken into account, for example, 1.2 < De max. 


In general, rocket motor cases are cylindri- 
cal and slender in shape. This is because of the 
reduction of aerodynamic drag during flight and 
the cost reduction of the machining process of 
the case materials. The ratio of the diameter to 
the length is determined by the flight dynamics 
of the rocket projectile. 


In the case of outer atmospheric flight aero- 
dynamics, drag is not considered. Spherical 
shaped motor cases are used for the upper stage 
of space rockets to gain advantage of the mini- 
mized wall thickness at a given combustion 
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pressure. However, the cost of production is 
much higher compared to that of cylindrical 
motor cases. 


5.2 Materials Used for Motor Cases 


Many types of materials are used for the 
rocket motor cases.'*7*! Modern rocket motors 
are made of carbon composite materials having 
mechanical properties that are superior to those 
of metals. However, the cost of these materials 
is relatively high unless there is mass produc- 
tion as for small motors and very large motors 
such as space rocket boosters and ICBM rocket 
motors. Medium-sized motors such as air-to-air 
missiles and anti-tank missiles are made of steel 
or titanium alloy because of the favorable ratio 
of mechanical strength to density. This is evi- 
dent from the mechanical strength and elonga- 
tion characteristics of the materials. 


For commercial use of rocket motors such as 
the launch of hobby rockets, launch of fire- 
works, life-saving signal rockets, and light- 
ning-earth rockets, the motor cases are made of 
paper or plastic. The advantages of these mate- 
rials are greater safety when the empty motor 
case falls to the ground after burnout and low 
production cost. However, a high safety margin 
for wall strength must be taken into account to 
avoid any unexpected manufacturing or material 
irregularities from the motor cases. 


5.3 Thermal Protection 


Since the combustion temperature in rocket 
motors is typically greater than 2000 K, the 
chamber wall should be protected from heat. The 
temperature of the interior of the propellant grain 
remains at the initial temperature of the grain in 
an operating motor until the burning surface 
approaches. Thus, the chamber wall is isolated 
from the combustion zone temperatures as long 
as the wall is covered by the propellant grain. 


However, when a part of the propellant grain 
is burned completely, the interior wall surface 
is exposed to the high temperature combustion 
gas. Then, the wall is thermally eroded and can 
be burst by the combustion pressure. To protect 
the casing from the combustion gas, a heat in- 
sulating material is added to the interior surface 
of the chamber wall. The heat insulting material 
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typically consists of rubber sheets that are ad- 
hered to the chamber wall. The propellant is then 
cast into the chamber (direct cast method) or 
the propellant grain is inserted into the chamber 
(freestanding method). An important parameter 
for the direct case method is to assure the com- 
plete adhesion between the insulation and the 
propellant after curing of the propellant. 


The thickness of the insulation depends on 
the duration of exposure to the combustion gas 
and on the location within the chamber. When 
the propellant grain is of an end-burning ge- 
ometry, the aft (nozzle) end of the insulation is 
exposed from ignition to burnout. Thus, a thicker 
sheet of insulation is needed at the nozzle (aft) 
end. 


6. Design of Nozzle 


6.1 Size and Shape of Nozzle 


Rocket nozzles are used to convert the 
low-velocity combustion gases in the chamber 
to high velocity exhaust through thermody- 
namic processes. In other words, conversion is 
through expansion. Once the chamber pressure 
P- and the nozzle throat area A, are determined, 
the expansion ratio ¢ defined by the area ratio 
of the nozzle exit area A, and A, is determined 
thermodynamically. The thrust coefficient cp, 
defined by equation 29, indicates the efficiency 
of the nozzle. The maximum thrust coefficient 
Cr.max 18 determined by the chamber pressure p, 
and the atmospheric pressure p,. The optimum 
expansion ratio nq, Increases because p, de- 
creases with altitude. Chamber pressure p, is 
unaffected by anything past the throat of the 
rocket motor. 


During the process of nozzle design the 
nozzle throat area (A,) is determined first based 
on the thrust requirement, and then the nozzle 
exit area (A,) is determined to gain an optimum 
expansion ratio. It is evident that the shorter the 
length of the nozzle, the lower the nozzle mass. 
The convergent nozzle angle is larger than the 
divergent nozzle angle because of the subsonic 
flow and the decreasing pressure along the noz- 
zle wall towards the throat of the nozzle. Thus, 
no flow separation in the boundary layer occurs 
from the convergent nozzle wall. 
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On the other hand, the divergent nozzle an- 
gle is important to gain a smooth pressure gra- 
dient and to minimize the friction loss caused 
by the nozzle wall and the supersonic exhaust 
gas flow. In general, the expansion angle is lim- 
ited to approximately 30° to gain smoothly ex- 
panded gas flow, to minimize the friction loss 
of the supersonic flow, and to limit vector 
losses in the nozzle. The convergent and diver- 
gent parts of the nozzle are connected at the 
nozzle throat. (See Figure 3.) 


When the pressure at the nozzle exit (p,) is 
higher than the local atmospheric pressure (pz), 
the nozzle is considered to be under-expanded, 
and when p, is smaller than p,, the nozzle is 
considered to be over-expanded. The specific 
impulse (/,,) is less for both cases when com- 
pared to the optimum expansion ratio as shown 
in equation 26. When the trajectory of a rocket 
projectile varies from a low altitude to a high 
altitude, the atmospheric pressure decreases as 
the altitude increases. As a result, the nozzle 
expansion ratio must be altered to gain an op- 
timum expansion ratio as long as the combus- 
tion pressure remains constant. Since the ge- 
ometry of a conventional nozzle is fixed, the 
optimum expansion is set for a specific altitude 
and chamber pressure. 


6.2 Materials Used for Nozzle 


Since rocket nozzles are exposed to high 
temperature and high velocity combustion gas 
during propellant burning, the heat flux from 
the gas to the nozzle wall is significantly higher 
than in the combustion chamber. The maximum 
heat flux is at the nozzle throat (approximately 
2 MW/m? for conventional AP composite pro- 
pellants). In addition, the mechanical stress act- 
ing on the interior surface of the nozzle is ap- 
proximately 10 MPa for a typical ground 
launched rocket motor. 


As shown in equation 28, the nozzle throat 
(A,) is an important parameter to attain an ex- 
pected performance of thrust versus time for 
operation. A change of A, (throat erosion) 
changes p. and then cr, which changes F sig- 
nificantly. To avoid the change in A,, high tem- 
perature resistant materials are used not only for 
the nozzle throat but also in the convergent and 
divergent parts of the nozzle. Typical and con- 
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ventional materials used for nozzles are graph- 
ite (carbon) because the combustion products of 
solid propellants are generally fuel rich gases 
and graphite (carbon) are not oxidized by the 
gas flow. High-density graphite is commonly 
used for modern rocket motors to resist not only 
these high temperatures but also erosion by 
sonic or supersonic flow. The density of a 
graphite nozzle for practical applications is ap- 
proximately 1.9 x 10° kg/m’. The high-density 
graphite also protects the casing from me- 
chanical damage from the thermal shock during 
the ignition stage. When the heat flux is much 
higher, the nozzle surface is damaged and 4, 
increases. Also, ceramics such as aluminum ox- 
ide or zirconium oxide can be coated on the 
interior surface of the nozzle by a plasma torch. 
[Note: Aluminized propellants form an alumi- 
num oxide coating on the throat, especially at 
and just after ignition, which reduces A,.] 


When the size of a motor case is small (less 
than about 50 mm in diameter), the size of the 
nozzle is also small. In this instance, the con- 
vergent and divergent parts of the nozzle, in- 
cluding the throat, are usually made of graphite. 
The mechanical stress acting on the interior 
surface of the nozzle is not high because the 
interior diameter is small. However, the me- 
chanical stress increases as the diameter of the 
throat increases, and graphite becomes insuffi- 
cient to protect the nozzle from damage. In 
general, a larger nozzle is separated into three 
parts (i.e., convergent, throat, and divergent). 
Since the heat flux and the flow velocity at the 
convergent and divergent parts are relatively 
small when compared to the throat, glass fiber 
reinforced plastics (GFRP) with phenolic or ep- 
oxy resin are commonly used for the other 
parts. An ablative process due to the melting 
and gasification of the glass fibers and plastic 
resins of GFRP effectively act to protect the 
nozzle from high heat flux. 


Carbon fiber reinforced plastics (CFRP) with 
various types of plastic resins are also used for 
the convergent and divergent parts. Though no 
ablative effect is expected for the carbon fibers 
of CFRP, the superior heat resistant properties of 
the carbon fibers protect the parts from heat and 
gas flow. In addition, the mechanical properties 
of CFRP, such as stress strength and density, are 
superior to those of GFRP. When reduction of 
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the nozzle mass is an important parameter to 
obtain high performance of rockets such as a 
third of a four-stage motor used at high altitude, 
carbon-carbon (C/C) is used for the nozzle sys- 
tem including convergent, throat, and divergent 
parts. Though C/C is the best material for 
rocket nozzles, at present time, the cost of C/C 
is extremely high and the application is highly 
limited. 


7. Design of Igniter 


7.1 Ignition Transient 


An igniter is used to ignite the surface of the 
propellant grain set in a combustion chamber. 
When an igniter is operated, hot gas and/or par- 
ticles are applied to the surface of the propellant 
grain in the combustion chamber. The ignited 
surface generates high temperature combustion 
gases and the chamber pressure increases. The 
ignited surface area increases along the grain 
surface. During this ignition process, the burn 
rate is not given by equation 23, which is only 
effective for steady state burning. 


The ignition process of the propellant grain 
includes the temperature rise of the grain sur- 
face, heat conduction into the grain, gasification 
at the surface, and production of sufficient gases 
to raise the chamber pressure. When the igniter 
charge, the so-called “pyrolant” (pyrogen) 
—which is an energetic material—burns, this 
causes a spike in the pressure. This results in a 
rapid onset and decay that can “shock” the sys- 
tem, possibly causing failures. In addition, the 
heat flux generated by the pyrolant must be 
enough to ignite the grain surface, enabling the 
pressure of steady-state combustion to be 
reached within a required short duration. 


The ignition transient depends on the type of 
pyrolants and propellants. Two types of pyro- 
lants are used for igniters: high-volume gas pro- 
ducing and high temperature particle producing. 
Black Powder produces more gaseous products 
than pyrolants composed of metallic particles 
and crystalline oxides. Since the chamber pres- 
sure of a double-base propellant rocket motor 
requires more than 4 MPa to reach steady-state 
combustion, Black Powder is often used as a 
pyrolant for this class of rocket motors. 
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On the other hand, composite propellants, 
such as ammonium perchlorate or ammonium 
nitrate-based composite propellants, require high 
heat flux to raise the burning surface tempera- 
ture and to gasify the grain surface. High tem- 
perature hot spots are made on the grain surface 
when metal particles are used as a component 
of pyrolants. The metal particles are oxidized 
by the other components, crystalline oxidizers, 
generating high temperature hot spots dispersed 
on the grain surface. The grain surface at each 
hot spot is ignited by the heat conduction from 
the hot spot and the burning area spreads along 
the entire grain surface. 


The heat flux that must be applied to a pro- 
pellant grain surface for ignition is dependent 
on the chemical ingredients, the physical shape 
of the grain and the type of igniter ingredients. 
In general, high pressure is needed for the igni- 
tion of double-base propellant grains in a rocket 
motor. The minimum pressure is approximately 
4 MPa to reach a steady state burning to satisfy 
the mass balance relationship given by equa- 
tion 21 since the combustion temperature of 
double-base propellants decreases rapidly be- 
low 4 MPa. The mass discharge rate m, given 
by equation 19 increases more than expected if 
one assumes Cp given by equation 20 is constant. 
The mass discharge coefficient Cp increases as 
pressure decreases. 


Since AP composite propellants burn stably 
even below 0.1 MPa and the temperature of the 
combustion products is relatively independent 
of pressure, Cp remains constant throughout ig- 
nition pressure to the steady-state pressure. 
When even a part of the grain surface is ignited, 
the burning surface increases due to the flame 
spreading phenomena along the grain surface, 
and the chamber pressure increases until the 
pressure reaches the steady-state pressure given 
by equation 24. 


Since AN particles mixed within an AN 
composite propellant decompose endothermi- 
cally, a high heat flux is needed to gasify the 
AN particles. Furthermore, the AN particles melt 
and form a molten layer on the burning surface 
of the propellant and absorb much energy to 
generate combustible gas for ignition. Accord- 
ingly, the ignitability of AN composite propel- 
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lants appears to be inferior to that of AP com- 
posite propellants. 


7.2 Pyrolants Used for Igniters 


The typical materials used for the pyrolants 
of igniters are the physically mixed particles of 
boron and potassium nitrate (B-KN), zirconium 
and ammonium perchlorate (Zr-AP), and mag- 
nesium and polytetrafluoroethylene (Mg-TF). 
The particles of boron (B), zirconium (Zr), or 
magnesium (Mg) are oxidized to produce their 
oxides, and they generate high temperature par- 
ticles. These particles are showered onto the 
igniting surface of the propellant grains. 


Although boron particles are not metal par- 
ticles, they act like metal particles similar to alu- 
minum, zirconium, or magnesium. When boron 
particles are oxidized by the gaseous nitrogen 
oxides produced by the thermal decomposition 
of crystalline potassium nitrate (KNO3) parti- 
cles, high temperature (greater than 4000 K) 
boron oxides are formed. Similar to boron par- 
ticles, zirconium particles are oxidized by the 
gaseous perchloric acid produced by the ther- 
mal decomposition of crystalline ammonium 
perchlorate (NH4C10O,) particles. 


Polytetrafluoroethylene (TF) is a polymeric 
material that produces fluorine gas when it 
thermally decomposes. The fluorine gas oxidizes 
the magnesium particles to produce magnesium 
fluoride (MgF>) particles that are agglomerated 
during the process of the oxidation reaction. 
High-temperature (greater than 3500 K) parti- 
cles are showered onto the propellant grain sur- 
face. The hot particles of boron oxide, zirco- 
nium oxide, or magnesium fluoride act as hot 
spots to transfer heat to the grain surface and 
gasify the propellant ingredients. Once thermal 
gasification occurs on the propellant grain sur- 
face, an exothermic reaction proceeds to ignite 
the gases and the pressure in the rocket cham- 
ber rises. 


The pyrolants are ignited indirectly by very 
thin wires that are electrically heated. These 
wires are made of platinum or other electrically 
resistive metals of about 30 wm in diameter. 
When an electric current is applied to the wires, 
heat is generated due to the electric resistance 
of about 400 Q/m. Generally, the platinum wires 
are coated with mixtures of nitrocellulose, po- 
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tassium perchlorate (KCI1O,), and fine metallic 
particles. This mixture is first ignited, and then 
the heat produced by the combustion of the 
mixture ignites the pyrolants successively. 


The pyrolant and hot wires are set an igniter 
case that is made of a metal or plastic material. 
A number of holes are made on the side of the 
case wall to shower the burning hot gas and 
particles on the surface of the propellant grain. 
For large rocket motors, such as the space shut- 
tle booster or an ICBM rocket motor, ignition is 
accomplished by using a small rocket motor 
that is attached at the top end of the inside of 
the motor. Once the small motor is ignited, the 
exhaust gas from the nozzle ignites the large 
interior surface of the propellant grain. 


8. Combustion Phenomena in a 
Rocket Motor 


Combustion in a rocket motor includes vari- 
ous phenomena such as ignition transient, flame 
spread, erosive burning, oscillatory burning, 
unstable burning, and burning interruption.!'*! 
These phenomena are highly dependent on the 
physicochemical properties of propellant grains. 


8.1 Erosive Burning 


Erosive burning occurs at an early stage in 
the burning of a propellant grain when the 
cross-sectional area of the gas flow channel 
inside the grain, the so-called “port area”, has a 
value close to that of the nozzle throat area. 
When the port area is equal to the nozzle throat 
area, the flow velocity at the aft end of the grain 
reaches sonic velocity (i.e., 300 m/s at normal 
temperatures, which varies with flame tem- 
perature, pressure and composition). Since the 
heat flux transferred back from the gas flow to 
the burning grain-surface increases when the 
cross-flow velocity is high, the burn rate of the 
grain increases compared with that of no gas 
flow. The burn rate expressed by equation 23 is 
no longer valid. As the port area increases, the 
cross-flow velocity decreases and the erosive 
burning effect diminishes."! 


When erosive burning occurs, the pressure 
in the combustion chamber increases. The in- 
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creased pressure increases the burn rate given 
by equation 23. It is important to take account 
of the increased pressure of erosive burning to 
obtain a required thrust versus burning time 
relationship. 


8.2 Stable and Unstable Combustion 


Oscillatory burning occurs in the chamber 
when a standing wave is established between 
the facing grain surfaces or between the 
fore-end and aft-end of the chamber. The stand- 
ing pressure wave in the chamber enhances the 
burn rate of the propellant grain. The oscillatory 
frequency is dependent on the size of the inter- 
nal port of the grain or the length of the motor. 
No oscillatory burning is observed when an 
end-burning type grain is used. When the oscil- 
latory mode is in resonance with the burn-rate 
mode of the propellant grain, the overall 
mass-burn-rate is increased, and then the pres- 
sure in the chamber is increased drastically.!"7! 


Figure 12 shows the cross-section of an ex- 
tinguished propellant grain obtained from a 
nozzle separation.''”! The nozzle separation was 
caused by the increased pressure that was the 
result of an irregular burning. The grain was a 
six-pointed star shaped composition of AP/HTPB 
propellant. Immediately after the grain was ig- 
nited, at 0 seconds, the chamber pressure in- 
creased as expected as shown in the measured 
DC pressure curve. However, a strong peak of 
AC pressure was generated at t, seconds after 
ignition. The extinguishing of the propellant 
occurred due to the rapid pressure decay. The 
cross-section of the grain after being extin- 
guished at time ¢, seconds was the same shape 
as expected at the steady state burning. The re- 
sults indicate that the resonant burning occurs 
with a specific grain shape. 


When a small quantity of solid particles such 
as aluminum or zirconium was added to the pro- 
pellant grain, no pressure peaks were generated 
and a steady state burning was conducted until 
the propellant grain was completely consumed. 
The solid particles absorb the energy of oscilla- 
tion and damp the observed oscillatory combus- 
tion when the generated oscillation is in the 
range of acoustic mode, approximately 500 Hz. 
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Figure 12. DC and AC pressures in a rocket 
combustion chamber and cross-sections of the 
propellant grain before combustion and after 

being extinguished. 


When a high-pressure oscillation is induced 
along the radial axis of the chamber, a rod can 
be set in the center axis of the port of the grain 
to alter the resonance acoustic mode of the ra- 
dially directed oscillation. The rod is made of a 
ceramic-coated metal to resist the high tem- 
perature combustion gas in the chamber. 


When a low-frequency oscillation is induced 
along the axis of the chamber, physical separa- 
tion of propellant grain by some insulation acts 
effectively to change the oscillatory mode. 


When a non-acoustic mode of oscillation 
occurs, no oscillatory damping effect is accom- 
plished by the addition of metal particles be- 
cause the size of the particles is much smaller 
than the traveling oscillatory wavelength. How- 
ever, the burning grain acts as a damping mate- 
rial if the shape of the grain is chosen to absorb 
the traveling pressure wave adequately. 
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8.3 Combustion under Centrifugal 
Acceleration 


A spinning motion along the axis of a rocket 
projectile is provided to stabilize the vehicle 
and improve the flight trajectory. The spinning 
motion is created aerodynamically either by the 
fins attached to the projectile or by the nozzle 
fins attached to the interior surface of the noz- 
zle, similar to thrust vector control fins. The 
centrifugal acceleration caused by the spinning 
motion affects the burn rate of the propellant 
grain, and then the thrust versus burning time is 
varied as compared to the case of no centrifugal 
acceleration.|*'°! 


The combustion gas in the port of an internal 
burning grain flows along the burning surface 
towards the nozzle when no centrifugal accel- 
eration is given. When a centrifugal accelera- 
tion is given, a pressure gradient towards the 
radial direction in the port is created and then 
the burn rate is increased by the increased 
pressure at the port surface of the grain. How- 
ever, the effect of the centrifugal acceleration is 
trivial when the combustion products are only 
gaseous species. 


When aluminum particles are added to a 
propellant grain, molten aluminum agglomer- 
ates are formed on the burning surface under 
the centrifugal force.'°! This agglomeration 
process occurs due to the density of the molten 
metal particles being higher than that of gase- 
ous products. The size of the molten agglomer- 
ates increases as the burning of the propellant 
grain proceeds. Since the temperature of the 
molten agglomerates is high, the heat flux 
transferred from the agglomerates to the burn- 
ing propellant surface increases. Accordingly, 
the local burn rate of the propellant increases 
and then a number of pits are formed on the 
burning surface. 


Combustion tests of an AP/CTPB composite 
propellant-grain were conducted using a spin- 
ning rocket motor.'! The propellant consisted 
of 76.8% AP, 15.0% CTPB and 8.2% aluminum 
particles. The aluminum particles were 48 um 
in diameter. The burning tests were conducted 
at 4 MPa under the centrifugal acceleration of 
60 g. Burning interruption tests were done by 
nozzle separation during burning. When a tu- 
bular shaped grain was extinguished, pits were 
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formed non-uniformly on the whole surface. 
However, when a 6-pointed star-shaped grain 
was burned, pits were formed along the six 
points of the star as shown Figure 13. In addi- 
tion, the burning surface area increased due to 
the formation of the pits. As a result, the pres- 
sure in the rocket motor was further increased 
corresponding to the relationship given by equa- 
tion 24. 


9. Design of Two-Stage Motors with 
Two Propellant Grains in One 
Chamber 


9.1 Mass Balance of Booster Phase 


To attain a high thrust ratio of the booster 
and sustainer stages, two different propellant 
grains are combined in a single combustion 
chamber and burned simultaneously. Figure 14 
shows a typical thrust or pressure versus burn 
time of a two-stage motor with two propellant 
grains (Propellant D and Propellant C) that burn 
in a single chamber. Propellants D and C burn 
simultaneously to create the booster phase with 
Propellant D being completely consumed in the 
booster phase. Then Propellant C, which remains 
after the booster phase, burns continuously to 
create the sustainer phase. 


— D 


Thrust or Pressure 


Phase 


Figure 13. An extinguished burning surface of 
a six-pointed star-shaped aluminized AP/CTPB 
propellant grain.’ Many pits are formed along 
each point of the star. 


Propellant C 


Sustainer ———————> 
Phase 


Figure 14. A two stage motor with two propellant grains in a single motor to create booster and 


sustainer phases. 
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Figure 15. Mass balance in a rocket motor in which two propellant grains burn simultaneously to 
create the booster phase and one of propellant grain continues to burns to create the sustainer phase. 


Figure 15 shows the mass balance in a 
rocket motor in which two propellant grains 
burn simultaneously during the booster phase 
and the one-grain that continues burning during 
the sustainer phase. If one assumes that the lin- 
ear burning rates of Propellants D and C are 
given by 


ry =app’” for Propellant D (39) 
ro =a-p”™ for Propellant C (40) 


then the mass generation rates (m, for Pro- 
pellant D and m, for Propellant C) at pres- 


sure p are given by 


Mm, =P, pA, for Propellant D (41) 


8p 


mM, =AcP,.p' A, for Propellant C (42) 


8c 


where the subscripts D and C denote Propel- 
lants D and C, respectively. The mass discharge 


rate m, during the booster phase is given by 


m4, =Cp, A,p (43) 
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As shown in Figure 15, the mass balance at the 
booster phase is expressed by the use of equa- 
tion 21 as 


mM, =M, +m, (44) 


Substituting equations 39 to 43 into equa- 
tion 44, one can determine the nozzle throat 
area A; as 


1 Np- No- 
A, =——(40P ,, P as +ac-P,.P ‘A, ) (45) 


Dz 


As shown in equation 20, cp, is determined by 


the combustion temperature 7, molecular mass 
M,, and specific heat ratio y of the combustion 
product. Since two different types of propel- 
lants burn simultaneously in a single chamber, 
the physical properties of the combustion prod- 
ucts are not the mass averaged values of Pro- 
pellants D and C. Both combustion products 
react with each other to produce an equilibrium 
combustion product as long as the reaction time 
in the chamber is sufficient. These physical 
values can be determined theoretically by the 
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use of NASA SP-273 computer code!'*! if one 
can provide the mass fractions and the chemical 
compositions of both Propellant D and Propel- 
lant C. 


9.2 Mass Balance of Sustainer Phase 


After burnout of the Propellant D grain in 
the booster phase, the remaining Propellant C 
grain continues to burn to create the sustainer 
phase. Since the nozzle throat area is the same 
as in the booster phase, A,, determined by equa- 
tion 45, the ratio of A;,/A,= K, decreases rapidly 
and the pressure in the chamber decreases. As 
shown in Figure 15, the mass generation rate of 
Propellant C at the sustainer phase is given by 


mM, =AcP,.p'A,. for Propellant C (42) 


8c 
On the other hand, the mass discharge rate at 
the sustainer phase (7m,  ) is given by 


My, =Cp Ap (46) 
where c, is determined using equation 20 


adapted to the physical values of Propellant C. 
The mass balance is given by m, =m,_ at the 


sustainer phase and is given by combining equa- 
tions 42 and 46 as 


Cr Ap= ACP, P” A,. (47) 


The equilibrium chamber pressure at the sus- 
tainer phase (p,.) is determined by the use of 


equation 24 as 


ap. K. \r* 
Pe, = | cP p, Ns (48) 
Cp, 


where K,, is given by 


| es (49) 


The burning surface area at the sustainer phase 
(4, ) becomes equivalent to the burning sur- 
face area of A, after burnout of the booster 


phase. 
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9.3 Design of Propellant Grains 


An example of a practical design require- 
ment of thrust versus burn time is shown in 
Figure 16 for a two-stage motor composed of 
two grains in a single combustion chamber. The 
booster phase thrust (Fs) is 800N and the 
burning time (¢, ) is 1.0s; the sustainer phase 


thrust (F's) is 85 N and the burning time (¢, ) is 


27s. The transient time of 0.3s from the 
booster phase to the sustainer phase is included 
in the booster phase. Since the maximum 
chamber pressure is in the booster phase, the 


chamber pressure at the booster phase ( Px. ) is 
chosen to be 11.0 MPa for the design booster 
pressure. This booster chamber pressure is as- 


signed by the choice of the chamber wall 
thickness and the strength of the material. 


i 1.05 ple—— 27s ——>! 
, Booster '<— Sustainer Phase +! 
1! Phase 


Thrust (N) 


Burn Time (s) 


Figure 16. Thrust versus burning time 
requirement of a two-stage motor. 


It is assumed that the convergent-divergent 
nozzle is designed to obtain an under expansion 
from p,, to atmospheric pressure p, equal to 


0.1 MPa. This is because the nozzle is used not 
only for the booster phase but also for the sus- 
tainer phase. Thus, the thrust coefficient c, at 


the booster phase is determined to be 1.52 
based on equation 29. 


Using equation 28 one can get the nozzle 
throat area as 
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Figure 17. Burning rates of Propellant D and Propellant C as a function of pressure. 


yes 800 


= = = 47.8 mm’ 
Cr,P., 1.5211.0 


The chamber pressure at the sustainer phase 


( P.,) is also determined by the use of equa- 


tion 28 as 
ES ie 
4, 130x478 


where c,. is determined to be 1.30 because the 


nozzle expansion ratio is considered to be a close 

value of an optimum expansion of the noz- 
[11,12] 

zle. 


Accordingly, the design of the propellant 
grains used for the booster and sustainer phases 
is conducted at 


P., =11.0 MPa 
P., =1.37 MPa 


A, =47.8 mm 


The burn rate characteristics of Propellants D 
and C are shown in Figure 17. The physico- 
chemical properties of the propellants are 
shown in Table 1.''''! The pressure exponent 
(n) of Propellant D changes from 0.81 below 
8.0 MPa to 0.18 above 8.0 MPa. The burn rate 


Table 1. Physicochemical Properties of Propellant D and Propellant C. 


Property, Symbol (Units) Propellant D Propellant C 


Pressure exponent, n 


Burn rate constant, a 


Combustion temperature, To (Mnf 0. nua 


Nozzle discharge coefficient, Cp (s') 
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7.38 x 10° 9.10 x 107 
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(r) of Propellant C is extremely low to attain a 
low pressure burning and a long burning time 
(t)). In addition, the combustion temperature 
(T,) of Propellant C is low enough to protect 
against nozzle-throat erosion. 


The burning area of the grain of Propel- 
lant C is determined by using equation 47 as 


Cp.A 
A,. = 

AcPy.P (50) 
= 9.10x10° x 47.8 

0.032 x 1.57 x 10° x 1.3794 


= 4.20x10* mm? 
Using equations 41 to 45 plus combustion tem- 
perature, 7,, radius of curbature, R,, and spe- 
cific heat ratio, y , obtained by NASA SP-273,"11) 
Cp, and A, are determined to be 


Propellant 


Figure 18. Geometrical propellant-grain 
shape of Propellant D. Note “R” refers to the 
radius of curvature. 
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Cp, =7.44x107 s™ 


and the burning area of Propellant D is deter- 
mined to be 


A,, =1.15x10° mm?’ 


Based on the required thrust versus burning 
time, the geometrical grain shapes are those 
shown in Figure 18 for Propellant D and in 
Figure 19 for Propellant C. The shape of the 
Propellant D grain is a wagon-wheel type, in- 
ternal-burning shape, and the side and both 
ends are insulated with rubber sheets. The shape 
of the Propellant C grain is a star-type, internal 
and one-end burning shape, and the other end 
and the perimeter are insulated with rubber 
sheets. The relationship between the burning 
area and the regressing grain from the initial 


Propellant 


0 End Side 
Insulation Insulation 
Figure 19. Geometrical propellant-grain 


shape of Propellant C. Note “R” means the 
radius of curvature. 
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surface is shown in Figure 20 for both Propel- 
lant D and Propellant C grains. 
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Figure 20. Relationship of burning area and 
regressing grain distance (web thickness 


consumed) of Propellant D and Propellant C. 
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9.4 Firing Test Results 


Both grains, Propellants D and C, are set in 
a heavy weight rocket motor for static firing 
tests as shown in Figure 21. A pyrotechnic ig- 
niter, which is ignited electrically, is attached at 
the head end of the rocket motor, and a conver- 
gent-divergent nozzle is attached at the rear end 
of the motor. Pressure in the motor is measured 
with a pressure transducer gauge attached to the 
head end of the motor. Thrust is measured with 
a load-cell set in the thrust bench on which the 
rocket motor is set. 


Figure 22 shows a pressure versus burning 
time curve of the rocket motor shown in Fig- 
ure 21. The experimental curve agrees with the 
theoretical curve except for the increased pres- 
sure of 1.8MPa at the booster phase. The 
burning time of the sustainer phase decreased 
about 0.6 s due to the excess burning of Propel- 
lant C during the booster phase. This observed 
excess burming of Propellant C during the 
booster phase is considered to be an effect of 
erosive burning, which occurs during high cross 
flow along the burning surface of Propellant C. 
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Figure 21. A structure of the two-stage heavy-weight motor with Propellant D and Propellant C 


grains in a single chamber. 


Page 48 


Journal of Pyrotechnics, Issue 20, Winter 2004 


14 A= 
=< --- Theoretical 
\ — Experimental 


203 


Pressure (MPa) 


0 05 1 #15 2 27.5 28 285 29 


Burning Time (s) 


Figure 22. Theoretical and experimental 
results of pressure versus burning time of the 
two-stage motor with two propellant grains in 
one single chamber shown in Figure 21. 


To examine the erosive burning effect on the 
burning rate of Propellant C, a burning inter- 
ruption experiment was performed. One second 
after ignition of the rocket motor, the nozzle 
attached at the end of the rocket motor was 
separated. The chamber pressure decreased rap- 
idly to atmospheric pressure (0.1 MPa). The 
Propellant D grain was completely consumed, 
but Propellant C grain remained. Figure 23 shows 
the cross-sectional star shaped Propellant C grain 
before combustion (a) and after it was extin- 
guished (b) at the time of the Propellant D burn- 
out. These results indicate that the burning rate 
of Propellant C increased about 7 % due to the 
erosive burning effect. This is confirmed by the 
pressure versus time plot shown in Figure 22. 


Summary 


The performance of a rocket motor is de- 
pendent on the physicochemical parameters of 
propellants such as burning rate, pressure ex- 
ponent, temperature sensitivity, and the physi- 
cal shape of the propellant grain. The thrust 
required for the rocket motor is determined by 
the required flight trajectory and by the aero- 
dynamic drag that acts on the rocket projectile. 


The thrust is dependent on the combustion 
pressure and the nozzle throat area that are de- 
termined by the mass generation rate and the 
mass discharge rate. A two-stage- rocket motor 
is attained by the combination of two different 
types of propellant grains in the combustion 
chamber. 
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Figure 23. Cross-sectional star-shaped grain 
of Propellant C before combustion (a) and after 
being extinguished (b) one second into the 
burn. 
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A Practical Performance Testing Protocol for 
Fireworks Mortar Tubes 


Andrew Fischer 
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ABSTRACT 


The author’s development of an alternative 
design for a fireworks mortar coincided with 
the restructure of regulations concerning display 
fireworks in the State of Queensland, Australia. 
This new Code of Practice for the Display of 
Outdoor Fireworks has a requirement for manu- 
facturers of equipment to develop performance- 
based tests that will prove the safety and suit- 
ability of plant and equipment used. The au- 
thorities proposed that a mortar tube was to be 
given a service life of five years. This article 
describes a protocol that has been successfully 
put into practice to test the new mortar tube. 
The protocol is called the Five Year Acceler- 
ated Test Program or “FYATP”. 


Keywords: mortar, plastic tube, service life, 
polyethylene 


Introduction 


A typical Australian fireworks mortar tube 
consists of an appropriate length of commercial 
polyethylene water pipe closed at one end with 
a wooden plug that is held in place by fasteners 
such as bolts, nails, screws or staples. This de- 
scription also applies to most mortars available 
from the USA, except for one, which was con- 
sidered to be superior to all others. This was a 
one piece, blow-molded mortar where the base 
is integral with the tube thus eliminating the 
weakness of a separate base plug and the vari- 
ability of strength of the fasteners. The appeal 
of these mortars was considerably reduced by 
the high cost of transport to Australia, so the 
author decided to produce a mortar of a some- 
what different design. The new mortar tube de- 
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sign has eliminated the traditional wooden plug 
and fasteners. Details of the associated con- 
struction, testing and results will be discussed 
in a future article. The replacement pipe closure 
system has eliminated the inherent plug and 
fastener weakness. 


Having just designed a new mortar tube, the 
author felt that it would be appropriate to de- 
velop a testing protocol that would reveal how 
well the new mortar would survive five years of 
severe use. The test developed has been given 
the acronym “FYATP”, which means the Five 
Year Accelerated Test Program. 


The mortar tube was constructed with a nomi- 
nal diameter bore of 2.5 inches (64 mm) and a 
nominal outside diameter of 75 mm (metric tube). 


NFPA 1123, Code for Fireworks Display 
applies to the construction, handling and use of 
fireworks (and equipment) intended solely for 
outdoor fireworks displays and was used as a 
guide in the development of this mortar tube.!"! 


Preliminary Assumptions 


The aim of this program was to subject the 
mortar tube to a significant practical firing of an 
anticipated five years of severe usage where the 
internal pressures generated—using the largest 
lift charges and heaviest shells—would exceed 
normal operating conditions by generating ex- 
cessive pressures. It was considered that using 
cylindrical shells and a heavier than normal lift 
charge of a faster burning propellant (4FA Black 
Powder), as compared to the normal slower 
2FA that is customary to use with the smaller 
cylindrical shells in America, would exaggerate 
the extremes of operation. 
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In designing the test protocol, it was assumed 


that: 


A display company would discharge one 
aerial display shell per mortar per week per 
year, over the proposed five-year period. 


The majority of aerial display shells utilized 
in Australia are of the spherical variety. 


One in five shells could be a “peanut” or 
double-break shell. 


Cylindrical display shells could be used in 
place of spherical shells. 


Cylindrical display shells are heavier than 
spherical shells. 


Cylindrical display shells use a larger pro- 
pellant (lift) charge than spherical shells. 


The nominal propellant charge for a 2.5- 
inch (64-mm) cylindrical shell is 1 ounce 
(28 grams) of 2FA Black Powder, which is 
consistent with American practice. 


The nominal propellant charge for a 2.5- 
inch (64-mm) spherical shell is 25 grams of 
what appears similar to 4FA Black Powder. 
This is consistent with measurements of the 
Black Powder used in these shells supplied 
to the Australian market from Asia. 


A shell can have a diameter that is 0.25 inch 
(6.4 mm) smaller than that of the nominal 
diameter of 2.5 inches (64 mm). 


A cylindrical shell is longer than a spheri- 
cal shell (comets being an exception). 


Test Conditions 


The following test conditions were established 
based on the preliminary assumptions: 


The mortar tube will have a nominal bore 
of 2.5 inches (64 mm). 


A total of 260 shells will be fired to repre- 
sent the assumed use over five years. All 
firings will be consecutive from the one 
mortar tube. 


All shells fired will be inert and of the cy- 
lindrical variety. 


The most common inert cylindrical shell 
fired will have the same nominal weight as 
a single spherical shell (without leader and 
lift charge), plus an additional 50%. 
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Every fifth shell fired will be an inert cy- 
lindrical shell adjusted in weight to twice 
the weight of a nominal spherical shell. 


The lift charge will be based on a nominal 
propellant load of 1 ounce (28 grams) plus 
an additional 50% of 4FA Black Powder. 


The shell will be fired at ambient air tem- 
perature (in the shade), and the mortar tube 
will be allowed to cool to the same ambient 
temperature between firings. [These par- 
ticular tests were carried out at approxi- 
mately 20 °C, the full range varied from 16 
to 25 °C over the course of this event. Am- 
bient temperature readings were taken with 
an electronic thermometer, and an elec- 
tronic surface probe was used for external 
temperature measurements on the mortar 
tube body.] 


The cylindrical shell will have a nominal 
diameter of 58 mm (2.3 inches). 


The cylindrical shell will have a length that 
is twice the nominal bore size for a total of 
127 mm (5 inches). 


Component details for a 2.5 inch (64 mm) inert 
test projectile: 


Type of projectile: cylindrical (of cardboard 
construction) 


Weight of standard test projectile: 80 grams 
nominal plus 50%, which equals 120 grams 
nominal, tolerance between 120 and 125 
grams 


Weight of intermediate test projectile: 80 
grams nominal plus 100%, which equals 
160 grams nominal, tolerance between 160 
to 165 grams 


Projectile diameter: 58mm (2.3 inches) 
nominal 


Manufacturing diameter of projectile 
ranged between 58.4 and 58.9 mm 


Lift charge: 1 ounce (28 grams) of 4FA 
Black Powder plus 50%, which equals 43 
grams nominal 


When powder was dispensed with a volumetric 
scoop, powder weight variation was between 
43.0 and 44.5 grams, but usually on the slightly 
heavier side of 43 grams. 
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Field Trial Requirements 


The mortar is visually inspected before each 
test. Diameter measurements are taken at two 
points on the same plane 90 degrees apart at a 
specified height above the base of the tube. 
Visual observations and measurements are re- 
corded, along with ambient air temperature and 
time of day of each firing. 


The mortar assembly is installed in the test 
mount and prepared for trial. The mortar is held 
in a steel rack in a horizontal orientation and 
discharged in that position inside a steel-framed 
receptacle. Preparation of the lift charge in- 
volves inserting an electric match into a bag 
preloaded with 4FA black powder. The assem- 
bly is then placed at the bottom of the mortar. 
An inert projectile is slid down the mortar until 
it rests on top of the lift charge. The shell is 
then fired from the mortar electrically from a 
remote location. 


Steel = Supp Frame = 


UD 


Figure 1. Photo of the horizontally-positioned 
mortar test assembly that is inside a steel test 
chamber. 


The test sequence is cyclical, comprising four 
consecutive standard-weight cylindrical inert 
projectiles, followed by a fifth round that is a 
heavier-weight inert projectile. This firing se- 
quence is repeated until the test sequence is ei- 
ther completed successfully or stopped due to 
failure of the mortar or for some other reason. 


The mortar is visually inspected for signs of 
adverse effects and measured after each projec- 
tile has been fired. The diameters and observa- 
tions are recorded. 
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Options for Physical and 
Environmental Assessment 


After the test sequence is completed, a fully- 
cycled tube could be forwarded to a polymer 
laboratory with the request to perform a stan- 
dard product test to the manufacturer’s specifi- 
cation. An unused control tube could also be 
tested for comparison. Measurements taken on 
the control tube and the fully-cycled tube could 
be compared to see if there is any significant 
variation. 


Appropriate tests for establishing some of 
the physical and environmental properties rele- 
vant to polyethylene pipe when used as a fire- 
works mortar tube could include measurements 
of the following: 


e density 

- tensile strength 

¢ yield strength 

¢ elongation 

e elastic modulus 

e flexural modulus 

¢ environmental surface cracking 


¢ oxidative induction time 


¢ durometer hardness! 


Measurement of the burst pressure could also 
be considered, but it should not be taken as an 
indication of the suitability of the pipe for use 
as a fireworks mortar. Burst pressure should 
only be considered as one more property to be 
used to see if there is any change after the ac- 
celerated five-year test. 


Results 


A 2.5-inch (64-mm) mortar developed by the 
author was tested using the Five Year Acceler- 
ated Test Program protocol outlined above. The 
grade of polyethylene used in the mortar was 
MDPE, type PE80B. The bore size complied 
with NFPA 1123. (Note however that HDPE type 
PE100 was not available in the size and SDR or 
PN number required.) 


The rate of firing the 260 shots required for 
the test was approximately 20 shots per day, 
based on an 8 to 10 hour day. This rate of fire 
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would change somewhat depending on the tem- 
perature of the day. The temperature of the tube 
was constantly measured to make sure it was 
the same as the ambient temperature of the air 
in the shade. However, as an indication only, 
this may have been from 15 to 45 minutes be- 
tween firings, or 2 to 3 shots per hour. It took 
about three weeks of continuous activity to 
complete the test. 


The mortar tube diameter was measured at 
the height where test mortars burst when shells 
were deliberately exploded inside them. The 
starting size of the unused tube was measured at 
two places that were located 90° from each 
other but in the same plane: Position 1 diameter 
was 75.65 mm and Position 2 diameter was 
75.29 mm at 21 °C. At the conclusion of the set 
of tests, the measurements were: Position 1 di- 
ameter was 75.72 mm and Position 2 diameter 
was 75.45 mm at 21 °C. 


Observations and Conclusions 


The acceptance criteria for the test were no 
failures, no visual deformation, and no signifi- 
cant change in mortar tube diameter measure- 
ments over the entire test. 


The condition of the mortar tube after the 
complete Five Year Accelerated Test Program 
was exceptionally good. The bore was scuffed 
as a result of the inert projectiles passing along 
it, plus there was abrasion from the hot propel- 
lant gases and particulates. Externally it was a 
bit marked from handling. Overall, however, it 
was extremely sound and looked as though it 
could survive several more complete FYATP 
sequences. There was no significant change in 
the diameter of the mortar from when the tube 
was first measured to the end of the test. 


The test was completely successful and has 
shown the benefit of having a formal test pro- 
cedure to assess the performance of a fireworks 
mortar. Tests of this nature can usefully indi- 


cate whether or not a mortar can be expected to 
be suitable for use over a specified period, in 
this case five years. The author considers that 
trying to establish an experimentally verified 
value for the maximum safe service life of a 
polyethylene pipe component of a mortar would 
be an enormous task. Given the resources and 
time to expand on the work done to date would 
be of benefit to all concerned and help answer 
the question: “What is the safe service life of a 
polyethylene mortar tube for the varieties and 
sizes available, taking into account or eliminat- 
ing the inherent weakness of the traditional 
wooden plug closure and varying strengths of 
their associated fasteners?” 


One limitation of the test protocol is that is 
does not address the effects of the age of the 
material. 


It is recognized that further testing under 
different conditions would be of additional 
benefit but was beyond the scope of the current 
work. Such testing could include thermal cy- 
cling, UV exposure and examining the effects 
of the age of the material. 
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Height-To-Detonation Test 


E. Contestabile, R. Guilbeault, D. Wilson, and B. von Rosen 
Canadian Explosives Research Laboratory (CERL), Natural Resources Canada, Ottawa, Canada 


ABSTRACT 


Initiation of fireworks articles, as by a fire, 
can result in communication to adjacent articles 
and at times transition to a mass explosion. 
Such an event can be catastrophic. In a quest to 
discover the process by which this transition 
occurs and thereby work to mitigate it so as to 
prevent the dire consequences, a series of re- 
search programs was established. 


This paper reports the findings of attempts 
to cause communication within a linear array 
of fireworks shells confined in steel pipes and to 
measure the shell-to-shell communication rate. 
The array of shells was initiated with an explo- 
sive booster charge. 


The findings indicate that such an array, with 
the given confinement and initiation stimulus, is 
not conducive to the sympathetic initiation of the 
tested fireworks shells. 


Keywords: height-to-detonation, HtD, 
fireworks aerial shell, VoD probe, rate of 
propagation, RoP, explosion test 


Introduction 


The challenge that confronts the fireworks 
industry is the determination of the initiation-to- 
explosion transition mechanism of piles (stores) 
of fireworks so that methods to mitigate this 
transition can be developed and applied to pre- 
vent the potentially catastrophic consequences in 
processing, storage, and transport of fireworks. 
Once mitigation methods have been devised, 
their effectiveness can only be assured through 
solidly-based quality assurance processes for the 
fireworks shells. 


In an earlier publication,!'! it was indicated 
that it would be possible to establish “safe” 
process and storage “heights” for energetic ma- 
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terials using the Height-to-Detonation (HtD) test. 
Simply stated, the HtD?~*! test is performed to 
determine the potential for an explosion by tak- 
ing “core” samples from a pile of energetic ma- 
terial. Such a hypothetical pile is shown in Fig- 
ure 1, where similar diameter pipes (2, 3, 4, and 
5), a heavy-walled pipe (1) and a large-diameter 
pipe (6) are located within the pile to indicate 
heights relevant to the HtD test. It is seen that as 
a “core” of energetic material is taken from the 
edge to the center of the pile, the “core” height 
increases. 


Figure 1. Pile of fireworks simulation. 


The HtD test is performed by first establish- 
ing the pipe configuration (pipe diameter, wall 
thickness, and practical length) required for con- 
finement to cause an explosion or detonation 
and the type of initiation system relevant to the 
perceived ignition hazards. The ignition source 
can be an electric match, squib, detonator, pyro- 
technic composition, booster, or any other ther- 
mal source including a fire external to the pipe. 
Typically the pipe is configured with a closed 
bottom and open top. Next, an amount of ener- 
getic material is placed in the pipe and ignited. 
If no explosion occurs, the amount (height) of 
material is increased. The procedure is repeated 
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until an explosion occurs. If no explosion oc- 
curs, the tests are performed in a larger diame- 
ter pipe and the test procedure is again repeated 
until an explosion occurs. Additional tests can 
then be performed to confirm this critical height. 
Ideally, this critical height value must then be 
observed in all manipulations, storage and trans- 
port situations. 


Test Program 


As indicated, variations of the HtD test can 
be used to determine safe processing, as well 
as, storage and transport stacking heights of 
energetic materials. In the specific case of de- 
termining the critical height for fireworks shells, 
the HtD test was modified to: 


1) Obtain reasonable primary confinement 

2) Make use of various sizes of shells 

3) Allow the use of different ignition systems 
4) Facilitate loading 


Primary confinement is defined as that “felt” 
immediately by the reacting energetic material. 
For example, on ignition, a lift charge of a well- 
seated fireworks shell in a mortar, “immediately 
feels” the confinement from the mortar tube and 
the inertia of the shell. The pressure profile from 
such a scenario would have a short rise-time. 
On the other hand, if a fireworks shell is “held- 
up” half way in the mortar so that a substantial 
volume is available for the lift charge gases to 
expand into, then the pressure profile would have 
a long rise-time and the shell would not experi- 
ence the “immediate feel”. A more extreme situa- 
tion would be the lift charge of a single shell 
functioning, for example, in an empty cargo 
container. 


To achieve the desired level of primary con- 
finement, fireworks shells were loaded in steel 
pipes sized as those used for fireworks mortars. 
Nominal 3-, 4- and 5-inch Schedule 40 pipe was 
used. Such pipe sizes not only facilitated the 
loading but also allowed the shells to be pack- 
aged so that loading would be safer. The 3-m 
length of each pipe was painted in four colours, 
each section being 75-cm long, so that if they 
fragmented, the source of the fragments could 
be identified. A steel angle was aligned with the 
pipe to be loaded, both of which were resting 
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approximately 1.5m above the ground on 
wooden trestles. The shells were placed end-to- 
end (Figure 2) on a strip of single-sided, corru- 
gated cardboard on the steel angle (Figure 3). 
The cardboard was then wrapped around the 
shells and held in place with adhesive tape. The 
width of the cardboard was shorter than the pe- 
rimeter of the shells, such that when wrapped 
around the shells, it left a gap in which a veloc- 
ity of detonation (VoD) probe was secured with 
adhesive tape. 


SH 


on 


Figure 2. Shells assembled end-to-end (Trial 1). 


Po, 


Figure 3. Shells on cardboard on steel angle 
(Trial 1). 


The VoD probe is basically a co-axial cable, 
visible in Figures 2 and 3, with the central con- 
ductor being a resistive element. Detonation of 
an explosive results not only in very high pres- 
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Figure 4. Typical VoD probe trace for a commercial explosive. 


sures in the reaction zone but also ionization of 
the reaction products and materials (air) in the 
immediate vicinity. Therefore, when such a 
probe is used in conjunction with an explosive, 
the detonation causes a collapse of the cable 
and possibly ionization, which results in the 
electrical shorting of the cable metallic shield to 
the inner conductor. Connected to a constant cur- 
rent or constant voltage source, the rate of col- 
lapse, as obtained from the output of the probe 
circuit, is proportional to the VoD or in this 
case the rate of propagation (RoP) of the test 
material. This terminology has been adopted so 
as not to imply that the measurement recorded 
is necessarily a detonation. The data were re- 
corded with the use of a DataTrap,'*! an instru- 
ment designed to monitor the VoD of explo- 
sives in mining applications, such as in bore 
holes. A typical VoD trace for a commercial 
explosive is shown in Figure 4 where the steady 
state value is 4830 m/s. The DataTrap requires a 
minimum initial value of electrical resistance of 
the VoD probe. Therefore, in these trials, a 
length of probe was assembled to extend be- 
yond the booster end of the 3-m long pipes used. 
As a result, the communication-rate trace does 
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not start at a distance of 0m but somewhere 
beyond 2 m. Traces starting at 0m have been 
relabeled. 


Besides monitoring the communication rate, 
a monochrome, high-speed video-camera!”! was 
used to record the event at 500 frames per sec- 
ond. In addition, the number of recovered frag- 
ments was noted. 


Five trials were performed to measure the 
communication rate of fireworks shells under 
such confinement. Display shells, all in the same 
orientation, were loaded into 3-m long, Sched- 
ule 40 steel pipes. Due to concerns of accidental 
ignition during loading, the quick match leaders 
were removed from all shells. Once the assem- 
bly of shells was wrapped, it was remotely 
pulled into the pipe with a rope. When in place, 
a 175-g Pentolite booster was attached against 
the top (not the lift charge end) of the first shell 
at one end of the pipe to serve as the initiation 
stimulus. Such a booster was used with the as- 
sumption that a high-energy, high-speed stimu- 
lus would be required to initiate the fireworks 
shell train. The booster was initiated with an 
electric detonator via a short piece of detonating 
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cord. The opposite end of the pipe from the 
booster was left open in all the trials. 


Trials were conducted with 76-, 102- and 
127-mm star shells and with 76-mm report shells. 
These are indicated in Table 1. A selection of 
these shells was available for these tests, and an 
attempt was made to use as many similar shells 
as possible in the same test to better evaluate 
their communication behaviour. 


If the array of shells were to function, then a 
reaction record similar to that shown in Fig- 
ure 5 would be obtained. The shells in the pipe 
simulate discrete pockets of energetic material, 
along the center of the pipe, surrounded by inert 
shell material comprising the shell structural ele- 
ments. The detonation of the explosive booster 
would produce a steep slope for a duration equal 
to its reaction time. Then, if the explosion of the 
first shell causes initiation of the adjacent shell 
and it in turn causes initiation of successive 


Table 1. Description of Shells Used in Each Test. 


shells and if only the explosion of the discrete 
energetic material pockets produces sufficient 
pressure to collapse the VoD probe, the stair- 
case record shown in Figure 5 would result. Each 
inclined step indicates the time to initiation and 
duration of the reaction of each pocket of ener- 
getic material. 


= 
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Figure 5. Graphical representation of the 
sequence of discrete explosions. 
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Table 2. High-Speed Video Observations of Trial 1. 


Trial 1 Observations from High-Speed Video 
Frame (500 Frames/Second) 


Explosive booster detonated. A small bright flash accompanied by black 
smoke was seen as the booster detonated. 


Fireball from second shell expands to 3 m * and is projected from end of 
pipe. 

Fireball, 2m, appears, accompanied by horizontal projection of at least 2 
shells. 


Fireballs are the same size and extend from both ends by approximately 6 m. 
A second smaller fireball separates from main. 

One of ejected shells strikes the ground, 6 m from end of pipe. 

Fireballs continue to expand. 

Pipe seen tilting upward from horizontal at end “B’. 

Smaller fireball extinguishes. Second ejected shells at 10 m from end of pipe 


(edge of field of view of camera). 
Pipe continues to tilt — at approximately 30° from horizontal at end “B”. 
Fireball smoky, approximately 6.5 m from end of pipe. 
Very bright fireball approximately 6 m q. 
Smoky fireball, approximately 12 m from end of pipe 
Smoky fireball, extends approximately 10 m from end of pipe. 
Pipe continues to tilt — at approximately 45° from horizontal at end “B’. 
Smoke moves away from end of pipe. 
149-230 Smoky fireball continues to evolve, extends approximately 12 m from end of 
pipe. Pipe continues to tilt — at approximately 90° from horizontal at end “B’. 
Smoke moves away from end of pipe. 
231-298 Smoky fireball continues to evolve, approximately 12 m g. 
Pipe continues to tilt — at approximately 120° from horizontal at end “B”. 
Smoke continues to move away from end of pipe. 
299-399 Smoky fireball continues to evolve, approximately 12 m q. 
(End of Smoke trail from a single shell ejected from original location of end of pipe 
record) travels a horizontal path while expanding in size. 
Pipe continues to tilt — at approximately 180° from horizontal at end “B”. 


*@, is the diameter. 


Observations and Results 


Figures 6 and 7 show the set up for Trial 1. 
Table 2 lists observations made on the high- 
speed video record. Such details are available 
on all video records, but for brevity only those 
for Trial 1 are given. Under the heading “Loca- 
tion”, the “B” represents the booster or initiated 
end of the pipe while “OE” designates the op- 
posite end from that which is initiated. Note 
that observations are made to the closest “frame”. 


Figure 6. VoD probe taped to the side of the 
column of 76-mm star shells. 
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Figure 7. Assembled pipe on wooden frame 
(Initiation from right). 


Figure 8 shows the fireball at the initiating 
end of the pipe shortly after the detonation of 
the booster. Pipe fragments caused by the deto- 
nation of the booster struck the ground produc- 
ing the visible dust clouds. A large fireball at 
the exit end of the pipe is seen in Figure 9. Note 
that the angle of rotation of the pipe relates to 
frames 87-102 in the high-speed video record. 


Figure 8. Fireball at initiation. 


Figure 9. Fireball at opposite end and rotation 
of pipe. 


Page 60 


Figures 10 and 11 show the damage suffered 
by the pipe in Trial 1. Detonation of the booster 
caused the pipe to split and “petal” while at the 
opposite end a length of approximately 30 cm 
of pipe was shattered. None of the fragments 
were recovered. The pipe, thrown a distance of 
5m from the test location, was also slightly 
bent. Figure 12 shows a schematic of the pipe 
section indicating the types of shells used and 
the VoD probe record. The arrows indicate the 
location on the pipe, of the start of the signal 
and any other ensuing signals. 


Figure 10. Damage to pipe in Trial 1. Note 
damage at both ends. 


Figure 11. Damage at end of pipe (30-cm 
length missing). 
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Trial 1 76-mm Star Shells 
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4 shells 
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3 shells 
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14 blue star ; 4 shells 


Booster -5.0 -2.5 0.0 2.5 5.0 
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— 
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Figure 12. Shell loading scheme and VoD probe trace for Trial 1. 


The set up for Trial 2 (Figure 13) was a repeat 
of Trial | witha slightly different selection of the 
35 shells. Figure 14 shows the test approximately 
60 ms after the initiation of the booster. Note 
the larger fireball on the initiating end, which 
indicates that more shells were exploding at the 
initiating end. However, whatever the initiating 
mechanism, products of exploding shells were 
also being expelled from the opposite end. Fig- Be a ye at 
ure 15, approximately 30 ms later, shows one es ey = Sac 
shell ejecting from the initiated end of the pipe 
and the trail of three ignited shells propelled ready to be pulled into pipe. 
from the other end. 
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Figure 14. Photo of Trial 2 shortly after 
initiation. 


Figure 15. Shells being propelled from end of 
pipe in Trial 2. 


Figure 16 shows the location of the pipe af- 
ter the test. The initiation end of the pipe suf- 
fered damage similar to that in Trial 1 while the 
other end suffered minor damage with a loss of 
approximately 15 cm of pipe. Figure 17 shows 
a schematic of the pipe section indicating the 
types of shells and loading scheme, and the VoD 
record trace for this trial. 


Figure 16. Damage to pipe in Trial 2. 
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The RoP data collected for shell communi- 
cation is inconclusive. There is the initial signal 
from the Pentolite booster charge and the sub- 
sequent explosion of possibly up to three shells 
(white flitter), but then there is no information 
from the probe on the next 1-m section of pipe. 
At this location, an event causes the probe to 
short and then there is no more information. 
The average RoP within this region, as indicated 
on the graph in Figure 17, is 70 m/s. The 3-m 
long pipe remained practically intact with no 
sign of damage along its length except that al- 
ready mentioned due to the booster and that at 
the opposite end caused by several shells ex- 
ploding as they exited. The high-speed video 
record indicated similar results to those of 
Trial 1 except that several shells were ejected 
from the end of the pipe as already indicated. 
Several shells exploded at a distance of approx1- 
mately 100m from the test location with one 
shell functioning several minutes after the test. 
Five intact shells (Spider) were later recovered 
and showed no evidence of burning or of physi- 
cal damage. 


In Trial 3, a section of the pipe was filled 
with the same type and construction of 76-mm, 
plastic-cased, report shells. The shells had no 
paper wrap, no lift charge and no quick match. 
A total of 25 report shells were loaded. The 
shells were placed, in contact and end-to-end 
with each other as shown in Figures 18a and 
18b, occupying approximately 190-cm length 
of the pipe. 
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Trial 2 76-mm Star Shells 
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Figure 17. Shell loading scheme and VoD probe trace for Trial 2. 


Figures 18a (left) and 18b (right). Plastic cased report shells being prepared for loading in steel pipe. 
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On initiation of the booster, the VoD equip- 
ment failed to trigger. However the high-speed 
video record indicated a much faster event time 
than that of Trials 1 and 2. The video shows 
jetting at both ends of the pipe immediately af- 
ter the booster detonated. The pipe burst in two 
(Figure 19) with both pieces being recovered 
approximately 20m from the test location. It 
was noted that it had burst at the point where 
the column of report shells ended. The booster 
end of the pipe had fragmented and was de- 
formed over a length of approximately 15 cm. 
The opposite end remained intact. The damage 
suffered by this pipe is shown in Figures 20 and 
21; 


Figure 19. Approximately 300 ms after booster 
initiation (Note two pipe pieces on left). 


Figure 20. Damage due to booster at right end 
of pipe in Trial 3. Damage towards left end is at 
location of last shell in pipe. 


Figure 21. Damage at location of the last shell 
of those assembled within pipe (Trial 3). 


In Trial 4, a selection of 105-mm cylindrical 
star shells was loaded into a 4-inch Schedule 40 
steel pipe. Figure 22 shows the fireworks as- 
sembled in cardboard and ready to be pulled 
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into the pipe at the upper right-end of the pho- 
tograph. 


Figure 22. Trial 4 shells wrapped and ready to 
be pulled into steel pipe. 


Figure 23 shows the violent explosion at the 
initiated end (right) and the projection of ig- 
nited shells from the other end. The pipe can 
also be seen to be lifting from the support on 
the left. The explosion caused a piece of pipe to 
be thrown a distance of approximately 25 m from 
the test location, as seen in Figure 24. Note that 
this was the only piece of pipe, in this series of 
trials, to be quite bent by the explosion. It is 
possible that this resulted from it colliding with 
the ground. On closer inspection, it was noticed 
that the booster had caused the first few shells 
to explode resulting in splitting and peeling of 
approximately 30 cm of the initiation end of the 
pipe. This can be seen in Figure 25. Further, the 
last metre of pipe, opposite the initiated end, 
was completely destroyed and in addition, the 
adjacent 50 cm of pipe showed signs of split- 
ting. This damage can be seen in Figure 26. 


Figure 23. Exploding shell products being 
ejected from both ends of the pipe in Trial 4. 
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Figure 24. Length of pipe thrown from test 
location in the background (Trial 4). 


Figure 25. Damage resulting from booster and 
explosion of first few shells (Trial 4). 


CL Fst = 

Figure 26. Detail of damage to non-initiated 
end of pipe in Trial 4. Note sign of incipient 
splitting from damaged end to right edge of 
photograph. 
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Figure 27 shows a schematic of the pipe sec- 
tion indicating the types of shells used and the 
VoD probe trace for this trial. There were only 
sufficient shells to fill a 2-m length of the pipe. 
The first 120 cm was loaded with 14 “purple 
Mg” shells while the next 80-cm length was 
loaded with the selection of shells listed in Fig- 
ure 27. The VoD probe detected more events 
over the length of the pipe than in the previous 
trials. The average speeds indicated in the graph 
in Figure 27 range from 135 to 155 m/s. As 
with the other trials, a series of shells was initi- 
ated by the booster. Then, at a distance of ap- 
proximately 200 cm, an explosion was recorded 
with two others following over the final 1-m 
length of the pipe. These observations definitely 
indicate that, except for the few shells at the 
booster end, the other shells must have moved 
or were in motion when they were initiated, as 
they exploded in the final 1-m length of pipe 
which was originally empty. 


In Trial 5, twenty-two, 127-mm cylindrical 
star shells were loaded into a 5-inch Schedule 
40 steel pipe. A selection of 14, red white and 
blue Mg shells occupied the first 190 cm, while 
a selection of 8 red Mg and blue shells occupied 
the next 110 cm. Figure 28 shows the fireworks 
assembled and wrapped in cardboard, ready to 
be pulled into the steel pipe. Figure 29 shows a 
schematic of the pipe section indicating the types 
of shells used and the VoD probe trace for this 
trial. 


The VoD probe trace indicates shells func- 
tioning in the first 0.5 to 1-m length of pipe. 
Further explosions are then recorded at 2 and 
2.4-m. The pipe did not burst but suffered dam- 
age at both ends similar to that in Trial 2. 
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Figure 27. Shell loading scheme and VoD probe trace for Trial 4. 


Figure 28. Trial 5 assembly of 127-mm star 
shells aligned with and ready to be pulled into 
pipe. 
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Discussion 


The test results assembled from the observa- 
tions are listed in Table 3. In general, all the 
pipes suffered minor damage and none of the 
linear shell assemblies functioned in a steady- 
state manner. Unfortunately, their somewhat 
erratic behaviour could not be recorded by the 
relatively robust continuous VoD probes. The 
VoD probe traces of Trials 1 and 5 indicate a 
series of early explosions followed by delayed 
explosions. The pipes in Trials 1 and 2 suffered 
damage at their ends probably from one or 
more shells exploding as they exited the pipes. 
In addition, explosions can occur along the cen- 
tral area of the pipe as in Trials 3 and 4. Al- 
though it could be coincidental, the breaks in 
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Figure 29. Shell loading scheme and VoD trace for Trial 5. 


these pipes occurred at the location of the last 
shell in the linear assembly. The videos indicate 
that even after the pipes burst, ignited shells are 
still being ejected along the path of the original 
pipe orientation (Figures 19 and 23). The last 
shell in the assembly exploded, burst the pipe 
and cleared the path for the ejection of other up- 
stream shells. Possible ignition scenarios are 
given below. 


Some of the very narrow spikes in Figures 17 
and 29 could be attributed to temporary “elec- 
trical short” condition. That is, the load at that 
location on the probe was not sufficient to per- 
manently short and/or cut the probe to give a 
continuous signal. 
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This series of experiments was approached 
from the viewpoint that confining a linear array 
of shells would provide an insight into the ini- 
tiation mechanism of shells within a large pile. 
Although there are various examples of catas- 
trophic explosions of stores of fireworks, these 
tests did not directly provide information as to 
how initiation of a pile of fireworks can cross 
over to an explosion. 


Initiation Scenarios 


Although the VoD probe traces were meant 
to be interpreted as shells exploding at certain 
times and at their original locations, it is actu- 
ally unknown as to which shells and at what 
location within the pipe they exploded. The high- 
speed video records indicate that shells were 
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Table 3. Test Results. 


Minimum 
Number of 
Fragments 


70 
N/A 
135-155 


35-120 


being ejected from the end of the pipe just mil- 
liseconds after initiation of the booster. The 
question then is, were the shells that exploded 
in their original location or were they in motion 
within the pipe when their explosion occurred? 
The effect of this mass movement of shells was 
surprising to see on the video. 


Multiple shells have been fired successfully 
from mortars and function at safe heights. How- 
ever, it had been anticipated that with the close- 
fitting shells in the pipe as well as its confining 
effect, fast shell-to-shell rates of propagation 
would have been observed. The explosion of a 
shell generates a fireball and burning material, 
high-speed fragments, and shock and gas pres- 
sure. Considering these effects and that the pipe 
remains intact, the possible means of shell ini- 
tiation and explosion are as follows. 


1) The booster detonates, initiating the first and 
possibly the second and third shell by brute 
force (very high blast pressures). The delay 
element does not play a role in this initiation 
mechanism. Since the booster was partly out- 
side the pipe, most of its energy is dissipated 
to the environment outside the pipe, but the 
pipe will still suffer damage such as frag- 
mentation, deformation, and tearing. Refer- 


No damage 


Bent and burst 


No damage 


Pipe Damage 
Central Initiation 
Region End 


Slight bend 


Opposite 
End 
Steel torn and 30-cm 


curled pipe loss 
Steel torn and 15-cm 


curled pipe loss 


Burst Steel torn and No damage 
curled 


30-cm steel torn | 100-cm pipe 
and curled loss 

30-cm steel torn | 15-cm 

and curled pipe loss 


ring to Figure 30, assume, in this scenario, 
that shells 1 and 2 were initiated. 


2) The explosion of these first two shells causes 
the initiation of Shell 3 and its immediate 
explosion. The delay element does not play 
a role in this initiation mechanism. Since it 
has been assumed that the pipe is not ruptur- 
ing, the explosion products and pressures 
can only be relieved along the axis of the 
pipe. That is, either outward toward the 
booster end or inward where most of the 
pipe cross-sectional area is filled by the shell 
and cardboard wrap. Since the pipe is quite 
heavy and the cardboard-wrapped column of 
fireworks can be pushed through the pipe 
and shells can be pushed through the card- 
board wrap, all shell explosions will tend to 
push the remaining column of fireworks 
outward. The flow will depend on the ambi- 
ent pressure conditions on ether side of the 
exploding shell. It is also possible that the 
pressure gradients are conducive to forcing 
explosion products such as flame, hot par- 
ticulates and gases around Shell 4 (and pos- 
sibly those beyond) through the voids 
among the shell, the cardboard wrap and the 
pipe wall. These explosion products can ei- 
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Figure 30. Possible shell initiation scheme. 
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ther immediately initiate Shell 5 or ignite the 
delay element and apply sufficient pressure 
to move the remaining column of shells. 
This same scenario can be occurring on 
Shell 6, which may have been already dis- 
placed from its original location and is mov- 
ing down the pipe. 


3) This whole scenario can repeat itself causing 
shell movement, shell separation and delayed 
shell explosions. One can imagine shell sepa- 
rations that are sufficiently large that an ex- 
plosion of a shell can cause fast column 
movement and initiation, through crushing, 
further down the pipe. 


4) This initiation and movement of shells and 
VoD probe is occurring over a period of a 
fraction of a second and the various scenar- 
ios indicated can be occurring simultane- 
ously. This raises the possibility of explo- 
sions occurring in opposite order, that is, a 
shell further down the pipe can explode be- 
fore a shell that is closer to the booster end. 
Note also that a moving shell, which has 
been initiated, can explode at a location away 
from its original position. This dictates being 
cautious in reading the RoP records. 


5) The fact that shells are being ejected indi- 
cates that there is shell motion and not deto- 
nation occurring down the length of the 
pipe. In fact, shell motion can occur in both 
directions! 


The data indicate that a continuous initiation- 
to-explosion mechanism is not obvious from 
these results. It is surprising that if the explo- 
sion of a shell cannot sustain the phenomena of 
initiation of the adjacent shells, in this one- 
dimensional array, how it is possible for piles of 
fireworks to transition from the ignition of one 
shell to a mass explosion! What is the mecha- 
nism? Flame propagation in voids among the 
shells could play a major role. Further research 
into the subject of shell-to-shell communication 
mechanisms is currently in the planning stage. 


Information on these trials was acquired 
from high-speed and standard video records and 
from the damage sustained by the pipes. How- 
ever, the results indicate that more work is re- 
quired in the area of detection, that is, investi- 
gating the use of more mechanically sensitive 
VoD probes or using optically sensitive devices 
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to detect time of explosion and track flame 
propagation. Increasing confinement by physi- 
cally constraining the shells can also increase 
the probability of continuous explosions within 
the pipe. However, if flame front propagation 
among the shells plays a role in mass explo- 
sions of piles of fireworks shells, then the clear- 
ance between the shells and the pipe is critical 
and confining the shells may only be practical 
by capping the ends of the pipes. This may also 
require increasing the pipe wall thickness. The 
effect of critical diameter is somewhat investi- 
gated through the use of increasing diameter 
shells. Larger diameter star shells (more ener- 
getic material) did result in more detection points 
along probe, but this may have been mostly due 
to the higher concentration of energetic material 
per unit length. In addition, the critical diameter 
can be effectively decreased by confinement. 


A more fundamental approach to initiation- 
to-explosion transition is also being considered. 
It would require the characterization of the 
fireworks energetic components with regard to 
thermal, mechanical, and shock sensitivity. 
Some of this data may be available but may not 
have been generated from the point of view of 
explaining communication from one initiated 
article to proximate articles and thereby result- 
ing ina mass explosion. As originally described, 
the discrete pockets of energetics surrounded by 
inert material require an initiation mechanism 
similar to that of shock initiation of explosives 
to cause a mass explosion within a short period. 
Tests must be so designed to investigate and 
resolve this issue. 
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When a tube is subjected to an internal pres- 
sure higher than the external pressure, the mate- 
rial of the tube becomes stressed in several 
ways. For most fireworks-related devices, usu- 
ally the most important of these is the hoop, or 
tangential, stress. This stress places the material 
of which the tube is constructed in tension 
along the circumference of the tube. The name 
hoop stress comes from the similarity to the 
tension placed on a hoop around a barrel. 


In the equations below the symbols used have 
the following meanings: 


ID = internal diameter 
OD = external diameter 
S = hoop stress 
P =pressure 
T =thickness of tube wall 


In the case of a “thin walled” tube, where the 
ratio of the wall thickness to the internal diameter 
is 0.1 or less, asimple equation for hoop stress is: 


_IDxP 
2xT 


S 


However, a more general method is to use 
Lamé’s Equation: 


7a [S+P 
2|VS-P 
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The author, who sometimes spends too much 
time surfing the Web, came across a paper deal- 
ing with the optimization of hydraulic cylinders 


to be used in high pressure research. This pa- 
] 


per''! presented a somewhat different form of 
Lamé’s Equation: 
P(w’ +1 D 
S= sae) where w= Of: 
(w* -1) ID 


which Hall credits to S. Timoshenko."”! 


In this form of the equation, it becomes ob- 
vious that it is the ratio of the inner and outer 
diameters that govern the stress at any given 
internal pressure and this ratio 1s therefore gen- 
erally applicable to any internal or external di- 
ameters. 


The graph in Figure 1, which indicates the 
hoop stress as a function of this ratio, will usu- 
ally be found to be sufficiently accurate for most 
fireworks purposes and will help avoid tedious 
calculations. 


Example: A mortar tube is made of a plastic 
having a safe stress level of 2000 psi, with an 
ID of 4 in. and an OD of 4.5 in. Given that the 
expected internal pressure generated when the 
mortar is fired has always been less than 200 psig, 
is the mortar safe? 


Solution: w, the ratio of the OD to the ID is 
4.5+4.0 =1.125 


From the graph the stress multiplier from the 
graph, at a ratio of 1.125 is 4.5. Therefore, the 
tangential, or hoop, stress in the tube is 


200 psix 4.5 = 900 psi 
The mortar is probably safe to use since the 
allowable stress is 2.2 times the expected stress, 


however a thicker tube wall would yield a 
greater margin of safety. 
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Figure 1. Graph showing hoop stress as a function of the ratio of the inner to outer diameter. 
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Review of: 
Amateur Rocket Motor 


Construction 


David Sleeter 
The Teleflite Corp. [ISBN 0-930378-04-X], 2004 


John Steinberg 
3944 Carthage Rd, Randallstown, MD 21133, USA 


As President of the Pyrotechnics Guild In- 
ternational and as an avid rocket enthusiast my- 
self, it gives me great pleasure to provide a 
glowing review for this exemplary text. Super- 
latives are truly in order. While my personal 
interests lie more along the lines of pyrotechnic 
rocketry, this book, focused on amateur rock- 
etry, nevertheless was a pleasure to read. 


The book is exhaustive in its scope and well 
organized. The reader may explore amateur 
rocket motor construction in as little or as great 
depth as desired. It is by far the best book on 
the subject I have read. 


Sleeter’s book begins with an historical re- 
view of the subject and a discussion of the work 
done both in remoter history and by our more 
modern predecessors. A political and philoso- 
phical discussion of issues related to this hobby 
in the modern era in the United States is in- 
cluded. This reviewer finds himself in whole- 
hearted concurrence with the author’s perspec- 
tive. A sober and balanced review of both safety 
and the necessary legal requirements is presented 
in detail. Safety is foremost in the author’s 
presentation throughout the text, in all aspects 
of testing, compounding, and firing of motors. 


The second chapter discusses the basics of 
rocket motor tubes and types, their classifica- 
tion, and nozzles. Both core-burners and end- 
burners are discussed. A thorough discussion of 
rocket tooling follows in the next chapter. 
While many enthusiasts will not be machinists, 
the depth of the discussion extends to tool 
manufacture and machining in the next two 
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chapters. The book is accompanied by superb 
illustrations throughout which make the under- 
standing of the technical aspects of machining 
accessible to all readers. 


Chapters Six and Seven provide information 
on chemicals used and the preparation of these 
chemicals for use in rocket motor fuel composi- 
tions. Sources and types of chemicals are given. 
The discussion of charcoal types, particle sizes, 
and uses for rocket motor fuels is as good as 
any I have read. Tube construction and purchase 
are each presented in detail in Chapter Eight. 


Chapter Nine details the basic fuel composi- 
tions and variations on these major themes. 
Burn rate adjustment, use of binders, mixing 
and preparation are presented in a logical and 
coherent fashion, again, well illustrated as may 
be seen in every section of this excellent book. 


Chapter Ten provides, in seventy odd pages 
or so, the best-illustrated and most lucidly writ- 
ten description of rocket motor assembly and 
construction available to the hobbyist. All per- 
tinent aspects are reviewed in detail. Nozzle 
formation, use of tooling, containment devices, 
spindles, and accessory tools are provided. 
Problems the novice is likely to experience are 
addressed, and solutions to these common di- 
lemmas are offered. Two stage motors are re- 
viewed, as is the concept of the “passfire” and 
other ignition techniques. 


Chapters Eleven through Fifteen discuss in 
superbly illustrated detail the construction, de- 
sign, and performance characteristics of motors 
for each of the basic fuel types. The technical 
detail and engineering perspective in these 
chapters make this book a superb reference text 
for those interested in the details of power char- 
acteristics and the influence of these factors on 
flight performance. 


Chapter Sixteen provides an historical per- 
spective on the rockets that the author initially 
made, which used damp fuel and were dried 
after assembly. Currently, the author uses dry 
compositions, which are rammed or pressed to 
form the grain. 


In keeping with the encyclopedic range and 
depth of the information presented, Chapter 
Seventeen illustrates the preparation of various 
types of electric igniters for use in rocketry. 
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As reliable and predictable flight is critically 
dependent on reproducible motor performance, 
the author devotes Chapter Eighteen to a de- 
tailed discussion of test equipment and data 
recording. Well-written text and profuse illus- 
trations make this technical material every bit 
as accessible and useful as the more basic mate- 
rial in earlier chapters. 


The final chapter, much to this reviewer’s 
delight, not only discusses the basics of rocket 
flight and launching, but also, in two short 
pages, provides the clearest discussion of rocket 
aerodynamic stability that I am aware of. While 
I have seen numerous physics oriented discus- 
sions of the center of pressure and the center of 
gravity, this text and the accompanying illustra- 
tions provide the most useful presentation of 
this material for those who seek to make rock- 
ets that begin to fly in a stable manner and re- 
main stable throughout their entire flight. Even 
after ten years of making and flying rockets, 
this reviewer gained a better understanding of 
this simple, yet, often all too hard to grasp sub- 
ject. The transition of these two points as fuel is 
consumed, a non-wind tunnel approach to eas- 
ily determining the center of pressure, and a 
discussion of the ideal spatial relation between 
the CP and CG were the final treat at the end of 
a consummately well-written text. 


In summary, whether your interest in the 
subject of amateur rocketry is superficial or 
detailed, historical or practical, whether you 
wish to engage in this hobby or merely to gain 
an understanding of it, whether you are an ex- 
pert machinist and engineer or a person who is 
all thumbs, this book has something of value for 
you. I cannot recommend it highly enough. This 
book by David Sleeter is a most welcome addi- 
tion to the rocketry literature and should be in 
every pyrotechnists and rocketeer’s library. I 
urge you to purchase your copy today. 


The book is available from several online 
sources, including eBay and Amazon.com, plus 
the Teleflite web site: www.teleflite.com. You 
can contact the publisher at: 


Teleflite Corporation 
11620 Kitching St 
Moreno Valley, CA 92557 USA 
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Review of: 


Rocket Propulsion Elements, 
Seventh Edition 


George P. Sutton, Oscar Biblarz 
Wiley-Interscience [ISBN 0-471-32642-9] 2001 


K. Koenig 


Dept. of Aerospace Engineering, Mississippi State 
University, Mississippi State, MS 39762 USA 


The seventh edition continues the high stan- 
dards of this long-running text. The analysis, 
although a little sparse, is clearly presented. As 
in the previous editions, there is an abundance 
of figures and tables. And there is much infor- 
mation on practical design and operation issues. 
These features make this book suitable for un- 
dergraduate and graduate instruction as well as 
highly useful for practicing engineers. 


The book’s twenty chapters form four sub- 
stantial major groupings. Chapters 1 to 5 pro- 
vide, in order, introductions to rocket propul- 
sion methods, terminology, fluid mechanics, 
rocket flight performance and chemistry. The 
chapter on heat transfer that appeared in the 
introductory material of previous editions has 
been removed with some of its material merged 
into other sections of the book. Chapters 1 and 5 
are particularly helpful in teaching rocket pro- 
pulsion to undergraduates who have had basic 
thermodynamics and compressible flow. 


The second portion of the book, Chapters 6 
to 10, discusses liquid propellant engines. Chap- 
ter 6, concerning fundamentals, contains many 
rather different topics and, as such, does not 
flow as smoothly as other chapters. The infor- 
mation is quite useful, but disjointed. Chapter 7, 
in contrast, is a focused discussion of liquid 
propellants. A large number of propellants are 
described in a way such that even those of us 
who are not chemists can easily understand. 
Real world issues posed by propellants are well 
presented. Thrust chambers are the topic of 
Chapter 8. Much of the information on heat 


Journal of Pyrotechnics, No. 20, Winter 2004 


transfer now appears in this chapter. There are 
nice worked examples and some particularly 
good problems at the end of this chapter. Chap- 
ter 9 presents a brief, mostly qualitative discus- 
sion of combustion where combustion instabili- 
ties receive a nice introduction. Chapter 10 
covers turbo pumps and various design and op- 
erational issues. The discussion of turbopumps 
is perhaps overly brief. The design and opera- 
tional issues are discussed in a qualitative, but 
quite practical and useful manner. 


Solid propellant motors are the subject of 
the third major subdivision, Chapters 11 through 
14. Chapter 11, fundamentals, concentrates on 
grain burning, structure and stress and is a very 
thorough presentation. The discussion of solid 
propellants, Chapter 12, mimics the earlier dis- 
cussion of liquid propellants in its detail, clarity 
and practicality. Solid propellant combustion 
and motor design are treated in a well-illustrated, 
but mostly qualitative fashion in Chapters 13 
and 14. Excellent examples of the illustrations 
are given by two figures in Chapter 14 showing 
throat components and erosion and temperature 
measurements for the Space Shuttle reusable 
solid rocket motor. 


The final major grouping is formed by Chap- 
ters 15 to 20. This subdivision introduces two 


other propulsion methods (hybrid and electric) 
and four ancillary issues important to rockets. 
Chapter 15 (supported by two appendices) pro- 
vides a very nice introduction to hybrids. Work- 
ing equations for performance estimation are 
developed and then demonstrated in a thorough 
example. Combustion instability is given ex- 
tended consideration. Chapters 16 to 18 discuss, 
in order, thrust vectoring, systems selection, and 
exhaust plumes. These are primarily qualitative, 
but well supported with figures, tables and prac- 
tical information. Chapter 19 introduces electric 
propulsion. Like the earlier discussions of pro- 
pellants, the presentation is lucid and well illus- 
trated, so that those of us who are also not physi- 
cists can easily understand. Chapter 20 concludes 
the text with a brief look at the issues involved 
in rocket testing, with special emphasis on 
safety. 


The only disappointing feature of this text is 
the appendix. It would be very helpful for the 
book to include thermochemical data to support 
Chapters 5, 7, 11 and 12. 


Overall, this book provides a wealth of in- 
formation in a very readable format. It is a text 
that anyone concerned with or interested in 
rocket propulsion should have. 
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Events Calendar 


Pyrotechnics and Fireworks 


8" International Symposium on Fireworks 
April 18-22 2005 Shiga, Japan 


Contact: Fred Wade 
Box 100 
Grand Pre, NS, BOP 1MO0O 
Canada 
Phone: +1-902-542-2292 
FAX: +1-902-542-1445 
email: symposium@fireworksfx.com 
web: www.ISFireworks.com 


2™ Workshop on Pyrotechnic Combustion 
Mechanisms 

July 27, 2005, Pfinztal-Bergenhausen, Germany 
Contact: Dr. Ermst-Christian Koch 

Diehl Munitionssysteme GmbH & Co. KG 


Fischbachstrasse 16 
D-90552 Réthenbach a. d. Pegnitz 


Phone: +49 (0) 911-957-2728 
FAX: +49 (0) 911-957-2111 
email: ernst.christian.koch@diehl-mun.de 


36" Int’] Annual Conference of ICT and 
32" Int’! Pyrotechnics Seminar 
June 28— July 1 2005 Karlsruhe Germany 


Contact: Manuela Wolff 
PO Box 1243 
D-763 18 Pfinztal 


Phone: +49-721-464-0121 

FAX: +49-721-464-0111 

email: mw@ict.fhg.de 

web: www.ict.fhg.de or www.ips.org 


Pyrotechnics Guild Int’! Convention 


Aug. 6-12 2005, Mason City, IA, USA 
Contact:, Frank Kuberry, Sec. Treas. 
304 W Main St 
Titusville, PA 16354, USA 

Phone: +1-814-827-6804 

e-mail: kuberry@earthlink.net 

web: www.pgi.org 
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33" Int’ Pyrotechnics Seminar 
mid— July 1 2006, Colorado, USA 


Contact: Linda Reese, Appl. Res. Assoc. Inc. 
10720 Bradford Rd., Ste 110 
Littleton, CO 80127, USA 

Phone: +1-303-795-8106 

FAX: +1-303-795-8159 

email: lreese@ara.com 

web: www.ips.org or Www. ipsusa.org 


Energetic Materials 


Computational Mech. Assoc. Courses—2005 


Contact: Computational Mechanics Associates 
PO Box 11314, 
Baltimore, MD 21239-0314, USA 
Phone: +1-410-532-3260 
FAX: +1-410-532-3261 
email: 74047.530@compuserve.com 
web: | www.compmechanics.com 


31* Annual Conference on Explosives and 
Blasting Technique 


Feb. 6—9 2005, Walt Disney World, FL, USA 


Contact: Lynn Mangol 

30325 Bainbridge Rd 

Cleveland, OH 44139 USA 
Phone: 440-349-4400 
email: mangol@isee.org 
web: www.isee.org 


Advancements in Energetic Materials and 
Chemical Propulsion 


March 8-11, 2005, Santiago, Chile 


Contact: Prof. Kenneht K Kuo 
140 Research Bldg. East, Bilger Rd 
University Park, PA 16802 USA 
Phone: +1-814-863-6270 
FAX: +1-814-863-3203 
email: kenkuo@psu.edu 


8th Int’?] Seminar: New Trends in Research 
of Energetic Materials: Ignition & Initiation 
April 19-21, 2005, Pardubice, Czech Republic 
Contact: Prof. Svatopluk Zeman, D. Sc. 
University of Pardubice 

Dept. of Theory and Technology of Explosives 
University of Pardubice 
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CZ-532 10 Pardubice 
Czech Rebuplic 
Phone: +420-46-603-8023 
FAX: +420-46-603-8024 
email: svatopluk.zeman@upce.cz 
web: — seminars.kttv@upce.cz 


2nd Int’! Symp. on Energetic Materials and 
Their Applications SEM 2005) 
May 26-27, 2005, Tokyo, Japan 
Contact: Noriaki Nakashima, Sec. ISEM 2005 
Research Center for Explosion Safety 
Nat’! Inst. Adv. Indust. Science & Technology 
Kanda-Surugadai Brance 
Office 6 Floor, Chemical Soc. of Japan Bldg. 
1-5, Kanda-Surugadai, Chiyoda-ku 
Tokyo 101-8307 
Japan 

FAX: +81-3-5282-4388 

email: isem2005@m.aist.go.jp 

web: www.eblo-ti.com/isem2005 


Franklin Applied Physics Lectures 
July 25—29, 2005, Oaks, PA, USA 


Contact: James G. Stuart, Ph.D., Pres. 
Franklin Applied Physics, Inc. 
98 Highland Ave., PO Box 313 
Oaks, PA 19456, USA 
Phone: +1-610-666-6645 
FAX: +1-610-666-0173 
email: JStuartPhD@aol.com 


3" EFEE World Conference on Explosives 
and Blasting 


September 13 to 16 2005, Brighton, UK 


Contact: Mark Hatt, Chairman 

EFFE 

82 Loughborough Rd 

Holton, Leics LE12 5SF, UK 
Phone: +44 (0) 1509-63 1-530 
FAX: +44 (0) 1509-234-911 
email: efee@tylerevents.co.uk 
web: www.efee-web.org 


Propulsion 


High Power Rocketry 


LDRS 2005 


Contact: see web site: 
www.tripoli.org/calendar.htm 


Model Rocketry 


NARAM 2005 


Contact: — see web site for details: 

web: www.naram.org 

For other launch information visit the NAR 
Web site: www.nar.org 


Future Events Information 


If you have information concerning future—explosives, pyrotechnics, or rocketry—meetings, train- 
ing courses or other events that you would like to have published in the Journal of Pyrotechnics, 


please provide the following information: 
Name of Event 


Date and Place (City, State, Country) of Event 


Contact information — including, if possible, name of contact person, postal address, telephone and 


fax numbers, email address and web site information. 


This information will also be published on the Journal of Pyrotechnics Web Site: 


http://www.jpyro.com 


Journal of Pyrotechnics, Issue 20, Winter 2004 


Page 77 


Journal Sponsors 


Journal of Pyrotechnics wishes to thank the following Sponsors for their support. 


Individual Sponsors: 


Ed Brown 

P.O. Box 177 

Rockvale, CO 81244, USA 
Phone: 719-784-4226 

email: edwinde@peoplepc.com 


Gerald Laib 
17611 Longview Lane 
Olney, MD 20832, USA 


Phone: 301-744-4358 
FAX: 301-744-4784 


Corporate Sponsors: 


Allied Specialty Insurance 
David H. Smith 

10451 Gulf Blvd. 

Treasure Island, FL 33706, USA 


Phone: 800-237-3355 
FAX: 727-367-1407 
email: info@alliedspecialty.com 
web: wwwaalliedspecialty.com 


American Fireworks News 
Jack Drewes 

HC 67 Box 30 

Dingmans Ferry, PA 18328, USA 


Phone: 570-828-8417 
FAX: 570-828-8695 
email: afn@fireworksnews.com 
web: www.fireworksnews.com 


American Pyrotechnics 
Association 

Julie Heckman 

7910 Woodmont Ave - Ste 1220 

Bethesda, MD 20814, USA 

Phone: 301-907-8181 

FAX: 301-907-9148 

email: jheckman@americanpyro.com 

web: www.americanpyro.com 

Astro Pyrotechnics 

Leo Autote 

2298 W. Stonehurst 

Rialto, CA 92377, USA 


Phone: 909-822-6389 
FAX: 909-854-4749 
web: www.astropyro.com 


Page 78 


Brooke * Mawhorr, PC 
Douglas K Mawhorr 

112 East Gilbert StPO Box 1071 
Muncie, IN 47305, USA 


Phone: 765-741-1375 
FAX: 765-288-7763 
email: dmawhorr@brookemawhorr.com 


Canadian Explosives 
Research Laboratory 
Dr. Phil Lightfoot, Manager 
CANMET - 555 Booth St. 
Ottawa, ON K1A 0G1, Canada 


Phone: 613-947-7534 

FAX: 613-995-1230 

email: plightfo@nrcan.gc.ca 

web: = www.nrcan.gc.ca/mms/cerl 


Combined Specialties 
International. Inc. 

John and Alice Allen 

8362 Tamarack Village, Ste. 119 

Woodbury, MN 55125, USA 


Phone: 651-855-0091 
FAX: 651-855-0088 
email: 


jallen@combinedspecialties.com 


Daveyfire, Inc. 

Alan Broca 

2121 N California Blvd. Ste. 290 
Walnut Creek, CA 94596, USA 


Phone: 925-926-6414 
FAX: 925-926-6439 
email: info@daveyfire.com 


Delcor Industries Inc. 
Sam Bases 

19 Standish Ave. 

Yonkers, NY 10710, USA 


Phone: 914-779-6425 

FAX: 914-779-6463 

email: delcor@hotmail.com 
web: www.delcorind.com 


European Pyrotechnic Arts 
News 

Rob Driessen 

Grenadiersweg 55 

Riemst, B 3770, Belgium 

Phone: +32-12-210-630 

FAX:  +32-12-210-630 

email: 


epan@pandora.be 
web: _http://users.pandora.be/epan 


Fawkes Fireworks 

Tony Cardell and David Watts 

89 Lingfield Road 

Edenbridge, Kent TN8 S5DY, UK 
Phone: 44-1732-862-862 

FAX:  44-1342-317-818 

email: Tony@fawkes.co.uk 


Fire One 

Dan Barker 

863 Benner Pike 

State College, PA 16801, USA 


Phone: 814-238-5334 
FAX: 814-231-0799 
email: info@fireone.com 
web: www.fireone.com 


Firefox Enterprises Inc. 
Gary Purrington 

11612 N. Nelson 

Pocatello, ID 83202, USA 


Phone: 208-237-1976 

FAX: 208-237-1976 

email: custserv@firefox-fx.com 
web: www.firefox-fx.com 


Firework Professionals 
Anthony Lealand 

PO Box 19-912 

Christchurch, 8030, New Zealand 
Phone: 64-3-982-3473 

FAX: 64-3-982-3474 

email:  firework@firework.co.nz 
web: = www.firework.co.nz 


Fireworks 
PO Box 40 
Bexhill, TN40 1GX, England 


Phone: 44-1424-733-050 

FAX:  44-1424-733-050 

email: editor@fireworks-mag.org 
web: www.fireworks-mag.org 


Journal of Pyrotechnics, Issue No. 4, Winter 1996 


Fireworks and Stage FX Island Fireworks Co. Inc. Precocious Pyrotechnics, 


America Charles Gardas Inc. 
Kevin Brueckner N735 825th St. Garry Hanson 
P.O. Box 488 Hager City, WI 54014, USA 4420 278th Ave. N.W. 
Lakeside, CA 92040-0488, USA Phone: 715-792-2283 Belgrade, MN 56312-9616, USA 
Phone: 619-938-8277 FAX: 715-792-2640 Phone: 320-346-2201 
FAX: 619-938-8273 email: islndfwk@pressenter.com FAX: 320-346-2403 
email: info@fireworksamerica.com web: —www.island-fireworks.com email: ppinc@tds.net 
web: www.fireworksamerica.com Lantis Fireworks & Lasers web: www.pyro-pro.com 
Fireworks Business Ken Lantis Pyro Shows, Inc. 
Jack Drewes PO Box 491 Lansden Hill 
HC 67 Box 30 Draper, UT 84020, USA P.O. Box 1406 
Dingmans Ferry, PA 18328, USA Phone: 801-768-2255 LaFollette, TN 37766, USA 
Phone: 717-828-8417 FAX: 801-768-2433 Phone: 800-662-1331 
FAX: 717-828-8695 email: info@fireworks-lasers.com FAX: 423-562-9171 
email: afn@fireworksnews.com web: www.fireworks-lasers.com email: info@pyroshowsusa.com 
web: www.fireworksnews.com MagicFire, Inc. web: |= www.pyroshowsusa.com 
Fullam's Fireworks, Inc. Paul McKinley Pyrodigital Consultants 
Rick Fullam PO Box 896 Ken Nixon 
P.O. Box 1808 CVSR Natick, MA 01760-0896, USA 1074 Wranglers Trail 


Moab, UT 84532, USA Phone: 508-647-9645 Pebble Beach, CA 93953, USA 


Phone: 435-259-2666 FAX: 508-647-9646 Phone: 831-375-9489 

email: Rfullam_3@yahoo.com email: pyrotech@magicfire.com FAX: 831-375-5225 

Goex, Inc. web: www.magicfire.com ea reser rom 
A A > WWwwW.intinityvisions.co: rodigita 

Mick Fahringer Marutamaya Ogatsu 2 re 

PO Box 659 Fireworks Co., Ltd. PyroLabs, Inc. 


Doyline, LA 71023-0659, USA 1-35-35 Oshitate Fuchu Ken Kosanke 


Phone: 318-382-9300 
FAX: 318-382-9303 


Tokyo, 183-0012, Japan 
Phone: 81-42-363-6251 


1775 Blair Road 
Whitewater, CO 81527, USA 


email: email@goexpowder.com FAX: —81-42-363-6252 Phone: 970-245-0692 
web: = www.goexpowder.com email: hanabi@mof.co.jp FAX: 970-245-0692 
F -mof.co.j il: k j : 
High Power Rocketry web www.mof.co.jp emai en@jpyro.com 
Bruce Kelly Mighty Mite Marketing Pyrotechnics Guild Int'l., 
PO BOX 970009 Charlie Weeth Inc. 


122 S. 17th St. Frank Kuberry Treas. 
304 W. Main St 
Titusville, PA 16354, USA 


Phone: 814-827-0485 


Orem, UT 84097-0009, USA 
Phone: 801-225-3250 LaCrosse, WI 54601-4208, USA 
FAX: 801-225-9307 Phone: 608-784-3212 
email: 71161.2351@compuserve.com | FAX: 608-782-2822 


web: www.tripoli.org email: chzweeth@pyro-pages.com email: kuberry@kellfire.com 
IPON srl web: www.pyro-pages.com web:  www.pgi.org 
Pagano Benito MP Associates Inc. RCS Rocket Motor 
Via Trofa P.O. Box 546 Components, Inc. 


Ottaviano, Napoli 80044, Italy 
Phone: +39-81-827-0934 


Ione, CA 94640, USA 
Phone: 209-274-4715 


Gary Rosenfield 
2113 W 850 N St 


FAX: +39-81-827-0026 FAX: 209-274-4843 Cedar City, UT 84720, USA 
email: info@ipon.it Ni : Phone: 435-865-7100 
itrotech Australia Pty Ltd 
web: = www.ipon.it Chis Larkin y FAX: 435-865-7120 
PO Box 349, Mount Isa email: garyr@powernet.net 
QLD 4825, Australia web: www.rocketmotorparts.com 


Phone: +617-47-44-2290 
FAX: +617-47-44-3998 


nitrotech@smartchat.net.au 


email: 


Journal of Pyrotechnics, Issue 20, Winter 2004 Page 79 


RES Specialty 
Pyrotechnics 

Steve Coman 

21595 286th St. 

Belle Plaine, MN 56011, USA 

Phone: 952-873-3113 

FAX: 952-873-2859 

email: respyro@earthlink.net 

web: = www.respyro.com 


Rozzi Famous Fireworks 
Arthur Rozzi 

PO Box 5 

Loveland, OH 45140, USA 
Phone: 513-683-0620 

FAX: 513-683-2043 


Service Chemical, Inc. 
Ben Cutler 

2651 Penn Avenue 

Hatfield, PA 19440, USA 
Phone: 215-362-0411 

FAX: 215-362-2578 

email: ben@servicechemical.com 
web: —=www.servicechemical.com 


Skylighter, Inc. 

Harry Gilliam 

PO Box 480 

Round Hill, VA 20142, USA 
Phone: 540-338-3877 

FAX: 540-338-0968 

email: orders@skylighter.com 


Starburst Pyrotechnics & 
Fireworks Displays Ltd 

Bonnie Pon 

2nd Fl-Sui Hing Hong Bldg - 17 
Commissioner St 

Johannesburg, Gauteng 2000, 
South Africa 

Phone: 27-11-838-7704 

FAX: 27-11-836-6839 

email: info@starburstpyro.co.za 

web: | www.starburstpyro.co.za 


Western Pyrotechnics, Inc. 
Rudy Schaffner 

PO Box 176 

Holtville, CA 92250, USA 


email: _art@rozzifireworks.com web: www.skylighter.com Phone: 760-356-5679 
web: _ rozzifireworks.com FAX: 760-356-2155 
email: rudys@holtville.net 
Sponsorships 


No advertising as such is printed in the Journal of Pyrotechnics. However, a limited number of 
sponsors have been sought so that the selling price of the Journal can be reduced from the listed cover 
price. The cost of helping sponsor an issue of the Journal of Pyrotechnics is $70 per issue for busi- 
nesses and organizations. Individuals can sponsor a single issue of the Journal for $35 per issue. In 
addition to a listing in the Sponsor section of the Journal, full sponsors receive two free copies of the 
sponsored Journal. Individual sponsors only receive one copy of the Journal. Both sponsors receive a 
brief listing on a flyer inserted under the transparent cover of the Journal. 


Additionally, if you so desire, we can provide a link from the Journal of Pyrotechnics Web Site to 
you web site, e-mail address or simply a company name, address and phone information listing. If you 
would like to be a sponsor contact the publisher. 


Page 80 Journal of Pyrotechnics, Issue 20, Winter 2004 


